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APPLICATION OF HOLOGRAPHY TO THE DETERMINATION OF FLOW CONDITIONS 
WITHIN THE ROTATING BLADE ROW OF A COMPRESSOR 


FINAL REPORT 

R. G. Hantman, R. J. Burr, W. G. Alwang, M. C. Williams 
Pratt & Whitney Aircraft Division 
United Aircraft Corporation 

SUMMARY 

The double-pulse, double-exposure holography technique was applied to visualize the flow 
field within a transonic compressor rotor with a tip speed of 1 800 ft/sec. The rotor used in 
this investigation had been designed and tested under Contract NAS3-13493. The principal 
objective of this program was to visualize the shock waves created in the flow field which 
was supersonic relative to the rotating blade row. The only structural rig modification was 
the installation of two plastic windows in the outer casing of the rig which permitted view- 
ing the flow just upstream of the rotor and a limited portion of the intrablade region out- 
board of a part span shroud. The inlet hub was painted white. The upstream rotor blade 
bow shocks and, at high speed, the outermost portion of the leading edge passage shock were 
successfully observed in the holograms. Techniques were devised for locating these shocks in 
three dimensions, and the results were compared with theoretical predictions. Density changes 
between the two pulses due to the motion of the shocks were large and therefore it was not 
possible to resolve the fringe systems in detail for the 1 00% speed conditions. However, 
gross features of the shocks were easily observed, and the upstream shocks were very well dis- 
played. In all cases the shock angles were somewhat larger than predicted by theory, and a 
distinct increase in angle near the outer wall was observed, which may be attributed to end- 
wall boundary layer effects. Although visualization of the intrablade region was limited by 
the geometry of the rig, the outer portion of the leading edge passage shock was clearly 
visible at the rotor design speed. The location and orientation of the observed leading edge 
passage shocks were in good agreement with static pressure contours obtained from measure- 
ments in the outer casing over the rotor tip. No unusual radial variation of the observed up- 
stream bow wave structure was noted, aside from the apparent endwall effect. 

INTRODUCTION 

Optical visualization of flowing gases has played a major role in the development of compressor 
fluid mechanics. Methods such as the shadowgraph, Toepler schlieren, and Mach-Zehnder in- 
terferometer have contributed greatly to the present understanding of aerodynamics. While 
these classical methods are not, in general, applicable for use in advanced research compressor 
rigs, the advent of holography has produced new methods that can be utilized for visualization 
of flow within the complex geometries of these modem research rigs without many of the 
stringent optical requirements of otfer methods. 

Holographic techniques for flow visualization have been under investigation at Pratt & Whitney 
Aircraft for several years. Work was conducted for the most part under Naval Air Systems 
Command (NASQ Contract N000 19-69-0-0322 (Ref. 1). Under that contract, a holographic 
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camera had been built and successfully demonstrated. The holographic method investigated 
under the NASC contract, and utilized in the subject NASA program, was the double-exposure 
technique. 

Double-exposure holographic interferograms can be obtained by producing a hologram under 
a non-flow condition and then making a second exposure with flow. While this approach is 
feasible for application in many cascades where much of the background remains stationary, 
it is not satisfactory for the more normal compressor test environment where portions of 
the rig are in motion and where vibration and thermal gradients produce changes in optical 
alignment between pulses. To avoid these difficulties, the system developed in Reference 
1 utilized two exposures produced during flow and separated by a short time interval. Based 
on the results of the earlier program, it was decided that a time separation of less than ten 
microseconds was needed for the current program. The holograms produced by this method 
display the time-differences of the shocks and densities. 

A holographic application to a transonic compressor rotor was conducted under NASA-Lewis 
Contract NAS3-15340. The objective of this program was to obtain double-pulse, double-ex- 
posure holograms to reveal features of the three-dimensional shock structure. A complete de- 
scription of the holographic camera design, construction and operation is given. The optical 
method for analysis of the holograms is discussed in detail. Shock position and orientation 
with respect to the rotor blade at several spanwise locations are given. These results are com- 
pared with blade element data, static pressure contours in the outer casing over the rotor tip, 
and pertinent aerodynamic design principles. 

APPARATUS AND PROCEDURES 
A TEST FACILITIES AND TEST COMPRESSOR 
I. General Description of Test Rig 

This holographic application program utilized the research transonic compressor designed and 
tested by P&WA™ under NASA Contract NAS3- 13493 (Ref. 2 and 3). As originally con- 
ceived the NAS3-1 3493 program did not anticipate the use of flow visualization, and minor 
modifications to the rig were required. 

The test program was carried out in a sea-level compressor test facility. Air entered the com- 
pressor through a calibrated nozzle for flow measurements. A 72-foot straight section of 42- 
inch diameter pipe was run from the nozzle to a 90-inch diameter inlet plenum. Wire-mesh 
screen and an “egg-crate" structure were located midway through the plenum to provide a 
uniform pressure profile to the compressor. The compressor airflow was exhausted into a 
toroidal collector with valving to control throttling for the test compressor. 

Design of the stage flowpath was guided by the aerodynamic objectives outlined in detail in 
the design report (Reference 2). The test compressor (Figure 1) was a single-stage, axial- 
flow design with no inlet guide vanes, thirty-eight rotor blades and sixty variable stagger- 
angle stator blades. The adjustable stators allowed tire aerodynamic performance to be op- 
timized as discussed in Reference 3. The stator-blade leading edge was 0.5 inches behind the 
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rotor trailing edge at the hub. Running tip-clearance was about 0.035 inch at the 1800 ft/sec 
design tip speed. 

Rotor and stator aerodynamic designs are explained in Reference 2 and summarized below 
and in Appendix II, Table 6. 1 . (All symbols are defined in Appendix I.) The rotor blade rr > 
sists of multiple-circular-arc sections from the hub to 32% span and precompression section 
from 37% span to the tip with a transition region between. A summary of the rotor bh •!« 
metal angles for 1 1 streamlines passing through 5, 10, 15, 30, 50, 60, 65, 70, 85, 90 and 95 
percent span of the rotor blade trailing-edge passage height from the hub is given in Table 1 . 


TABLE 1 

ROTOR DESIGN PARAMETERS 
Stations 13 and 14 

% Span 

Dia. 13 
(Inches) 

Dia. 14 
(Inches) 

0*13 

(Deg.) 

0*14 

(Deg.) 

0*1 3S 

(Deg.) 

Solidity 

5(hub) 

17.73 

20.76 

58.3 

14.0 

62.51 

2.392 

10 

18.81 

21.34 

58.2 

19.5 

61.85 

2.257 

15 

19.84 

21.93 

58.2 

25.0 

61.32 

2.137 

30 

22.65 

23.705 

58.55 

34.5 

61.02 

2.105 

50 

26.03 

26.09 

60.07 

46.0 

62.1 

1.698 

60 

27.66 

27.275 

61.45 

50.5 

63.25 

1.629 

65(shroud) 

28.425 

27.91 

62.21 

52.0 

64.0 

1.605 

70 

29.17 

28.52 

63.2 

53.5 

64.75 

1.572 

85 

31.3 

30.26 

66.15 

56.7 

67.6 

1.575 

90 

32.01 

30.86 

67.1 

60.0 

68.6 

1.587 

95(tip) 

32.63 

31.45 

67.6 

64.0 

69.11 

1.613 


NOTE: 

Symbol definitions appear in Appendix I. 



The stator had multiple-circular-arc airfoil sections with sections near the tip being double- 
circular-arc. Stator exit flow was axial for the design stagger angle. A summary of the stator 
Made metal angles for 1 1 streamlines passing through 5, 10, 15, 30, 50, 60, 65, 70, 85, 90 
and 95 percent span of the rotor-blade t railing-edge passage height from the hub is given in 
Table 2. 
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TABLE 2 

STATOR DESIGN PARAMETERS (STATOR 2.5° OPEN) 
Stations IS and 16 


% Span 

Dia. 15 
(Inches) 

Dia. 16 
(Inches) 

0*15 

(Deg.) 

0*16 

(Deg.) 

0*1 5S 

(Deg.) 

Solidity 

5(hub 

21.37 

22.53 

47.7 

-16.2 

50.8 

2.16 

10 

21.88 

22.92 

46.4 

-14.3 

49.6 

2.114 

15 

22.4 

23.31 

45.8 

-13.3 

49.2 

2.083 

30 

24.0 

24.58 

46.2 

-12.5 

50.7 

1.98 

50 

26.16 

26.33 

46.1 

-12.5 

51.5 

1.852 

60 

27.23 

27.2 

45.6 

-12.6 

51.4 

1.789 

65 

27.29 

27.65 

45.4 

-12.6 

51.4 

1.761 

70 

28.33 

28.09 

45.3 

-12.7 

51.3 

1.739 

85 

29.86 

29.32 

46.7 

-15.2 

52.5 

1.667 

90 

30.38 

29.73 

49.0 

-17.2 

54.5 

1.645 

95(tip) 

30.87 

30.09 

55.0 

-19.5 

61.0 

1.631 

NOTE: 

Optimum setting quoted from Reference 3 is 
herein. 

the only one utilized 


2. Rig Design Changes Required for Holography 

A S" x 1" poiycaibonate plastic window (with a minimum thickness of 0.5" in the center to 
approximately 1.0" at the edges) Figure 1 , was provided in the rotor casing. This window 
was large enough to allow a view of the rotor intrablade region and some distance upstream. 

A three inch diameter plexiglass window was installed in the rotor casing upstream from the 
viewing window which served as a port through which the illuminating light beam could enter 
the flow annulus. Neither window was required to satisfy stringent optical specifications. 

In the area of the viewing window, Figure 2, the vane actuating Ir tr arms and unison ring 
were removed. A second set of lever arms pointing rearward were joined to a partial unison 
ring, downstream of the original one. These fore and aft unison rings were locked to the 
front and rear eatings, respectively. 
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The inner wall of the flow annulus was painted flat white to enhance reflectivity of these sur- 
faces, increasing the amount of light reflected back through the flow region to the holographic 
plate. This stationary surface, when illuminated by the laser light pulse, acted as the diffuse 
source for three dimensional visualization of the flow, Figure 1 . 

B. HOLOCAMERA DESIGN AND CONSTRUCTION 

1. General Description 

The function of the holocamera is to record the phase and intensity of a beam of coherent, 
monochromatic light that has been produced . a ruby laser and passed through the flow Held 
and/or reflected from the objects under study. This information is stored on a photographic 
plate in the form of a hologram. To produce the hologram, the photographic plate is illumi- 
nated by two distinct beams of coherent light. One of these beams (the object beam) passes 
through the phase object (flow-field); the other beam functions as a phase reference. A beam 
originates from a single source and is split to provide the two separate beams. When the de- 
veloped hologram is illuminated by monochromatic light, an image of the phase object is 
produced in its original three-dimension form. 

To produce a hologram, the paths followed by the object and refer ee beams from the point 
of separation to the photographic plate must be nearly equal. The necessary beam lengths are 
obtained by means of mirrors. In addition to the minors which guide the beam along their 
proper paths, the lenses (all of which were negative, i.e. diverging beam type; see Figure 3 for 
the final configuration) expand the beams to their proper diameter before illuminating the test 
region and photographic plate. 

The following design requirements were satisfied by the holocamera constructed and used in 
this program. 

a. Diffuse illumination of the flow region, to produce a three-dimensional view of the 
flow phenomena, Ref. 4 & 5 

b. A large solid angle of view of the flow region, to take full advantage of the three-dim- 
emsional properties of this kind of holography. 

c. Very short Q-switcheo pulses, to produce high quality holograms in me presence of 
- vibration and rig motion. 

d. A self-contained system capable of remote operation and suitably damped against 
vibration. 

2. Optical System Layout 

The layout of the holocamera box and optical components, as originally designed, is shown 
in Figute 4. Two changes to the original design of the holocamera were made as a result of 
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the bench testing phase of the program. The first change involved the elimination of the laser 
amplifier. An Optics Technology, Inc. (OTI) ruby laser head was planned for use as the am- 
plifier. Although the amplifier system was able to produce more than 3dB amplification 
during bench tests, it was also found that the OTI laser head introduced undesirable mod- 
ulation of the beam intensity cross section. The ability to obtain holograms of the bench 
model with only the Korad HP1 laser was demonstrated, and the OTI laser amplifier was 
therefore eliminated from the final holocamera system. Difficulties were also encountered 
during bench tests with the Bragg method of producing holograms (i.e., the back illumination 
of the photographic plate with the reference beam). This optical configuration would have 
allowed the placement of the photographic plate near the rig window, and, hence, provide 
the largest angle of view of the flow region. Bragg holography was expected *o give an angle 
of view close to 25° in the circumferential direction, compared to 1 5° for conventional ho- 
lography. However, the method did not produce an image of the bench model that was 
bright enough to permit a clear view of the flow passage. The conventional method of holo- 
graphy, Fresnel, was therefore used after this method was found to produce brighter images 
than those obtained from Bragg holograms. Figure 3 shows the final layout of the holocam- 
era as used to obtain holograms of flow in the NASA compressor rig. 

3. FTIR Q-Switch 

In the initial review of the requirements of this program, it was apparent that the Pockels 
cell used in Reference 1 as an optica] shutter would not be fast enough for the present app- 
lication. As a result, the Pockels cell was replaced by a Frustrated Total Internal Reflection 
i FTIR) Q-switch. The FTIR Q-switch (Figure 5) was developed by E. A. Erickson at the Naval 
Ordnance Laboratory and is a fast-acting optical shutter which opens and closes by a change 
in the internal reflection at the interface of two prisms upon command of an electrical im- 
pulse. An electrical impulse produced by a pulse generator actuates transducers, which in 
turn produce a mechanical shock wave in prisms Nos. 1 and 2 (Figure 5). The shock wave, 
which has a maximum time duration of 0.5 microsecond, causes the separation of the two 
prisms to decrease momentarily. 

The two prisms are cut and oriented such that when the laser beam is incident at the Brewster 
angle the beam is totally internally reflected. When the separation of the two prisms is re- 
duced, the total internal reflection at the interface is destroyed and the laser beam passes 
through the prisms. Conversely, opening action causes a large percentage of the incident 
light to appear at output A (Figure 5) from which point it is reflected back into the cavity 
by the 100 percent reflecting mirror, thus increasing the cavity “Q” to support lasing action. 
Coherent energy then exits from the cavity at outputs B and C, with the majority of the 
energy appearing at B. A double pulse is produced by generating two consecutive shock waves 
from both transducers. The amount of laser beam energy in each pulse can be varied by con- 
trolling the amplitude of the shock wave and the time between pulses. The power supply of 
the FTIR Q-switch contains two independent pulsing circuits which control pulse amplitude 
and timing. The FTIR Q-switch is designed to produce two pulses with controlled pulse 
separations of 1 to 500 microseconds. 
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4. Other System Components 

The alignment laser of Figure 3 was a Resalab 5-milliwatt HeNe continuous wave laser. 

The light beam produced by the pulsed laser first passed through a negative lens to begin ex- 
pansion of the beam before it passed through a Hershel wedge used as the beam splitter. The 
Heishel wedge was used for two reasons. First, it produced two reflected beams which diverged 
at an angle large enough so that a reference beam could be separated and therefore the two 
reflected beams would not interfere to produce extraneous fringes on the photographic plate. 
Second, the presence of the two separated reflected beams made a beam available, i. n addition 
tv the reference beam, for detection by a photodetector. The photodetector signal was fed 
into a Tektronix 454 oscilloscope. Photographs of the oscilloscope screen provided a record of 
the beam energy, the number of pulses, and the time between pulses for each hologram. Power 
for the detector was supplied by a small battery located next to the detector. The object 
beam, which contained approximately 90 percent of the output energy of the pulsed laser, 
left the holocamera through the beam exit port after being expanded by two additional neg- 
ative lenses. After the object beam illuminated the flow passage and was reflected from the 
stationary hub, the beam re-entered the holocamera where it combined with the reference 
beam and was recorded on the photographic plate. The plate was held in the exposed pos- 
ition by the plate transport system. 

The plate transport system. Figure 6, was capable of storing five high resolution photographic 
plates. The plates were individually moved into the exposure position by remote control and 
returned to their light-tight storage positions after each double exposure. A movable shutter 
prevented ambient light from entering the enclosure between exposures. Other items shown 
in Figure 3 include a HeNe laser used for monitoring the energy and time separation of the 
pulses produced by the ruby laser. 

The holocamera box had two hinged doors at the side of the box which permitted independent 
access to the laser portion of the system and to the hologram optics. A removable top over 
the laser compartment permitted additional accessibility to this section of the box during align- 
ment of the pulsed laser. A black partition was installed between the laser section and the 
optical compartment to prevent light from the flash-lamp in the laser head from pre-exposing 
the photographic plates. A block diagram of the holography system used with the NASA fan 
rig is shown in Figure 7. 

C. DESCRIPTION OF BENCH TESTS 

1. FTIR Q-Switch 

Bench testing of the various holocamera components began before assembly of the complete 
system was started. Several difficulties were experienced with the FTIR Q-switch during these 
early tests, including electronic malfunctions, and maintaining proper prism separation. 

The electronic malfunctions proved to be correctable only by bypassing a portion of the Q- 
switch pulse generator circuitry and substituting two pulse gener: ors and tne delay circuitry 
in a Tektronix 545 oscilloscope. Only the high voltage section of the FTIR pulse generator 
remained useable. A wiring diagram of the FTIR Q-switch electronics used for the final tests 
is shown in Figure 8. 
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The problem of keeping the two prisms properly separated resulted from the tendency of the 
prisms to lock in optical contact with each other when either too much pressure was applied 
to the prism during adjustment procedures or when the ambient temperature varied. The 
problem was alleviated by putting a thin film of ink between the prism at the outer edges and 
by maintaining a constant temperature around the Q-switch. Once the above alterations were 
made, repeatable double pulses were obtained during bench testing with pulse separations as 
short as one microsecond. 

2. Bench Model 

A complete fan rotor assembly, Figure 9, approximately the same size as the rotor in the 
NASA rig but with a smaller hub-tip ratio was used as part of a bench model to simulate the 
the view that would be encountered in the actual test configuration. Although the hub of 
the NASA rig was slightly larger than the rotor disk, this hub was used in the bench tests to 
simulate the NASA rig more accurately. 

Plastic windows were used to simulate the illuminating port and viewing window on the rig 
casing. The pulsed laser system and the hologram optics were assembled in the same config- 
uration planned for the rig tests, and holograms of the bench model were attempted. 

3. Laser Coherence Characteristics 

At first the holograms of the bench model were of poor quality. The change from Bragg holo- 
graphy to conventional Fresnel holography improved the results, but a further improvement 
in the quality of the holograms was considered necessary to be confident of extracting use- 
ful shock location information. Therefore, coherence of the laser beam, known to be a cri- 
tical factor in obtaining holograms, was studied. 

Measurements of the Q-switched pulse shape indicated that several longitudii •’ modes were 
oscillating. Maximum coherence of the laser beam and, in turn, a hologram o, naximum 
quality is obtained when a single longitudinal mode is present. Single mode output has also 
been reported to result in more stable output properties and, in particular, to yield reproduc- 
ible pulse energies (References 6, 7, and 8). Laser light emitted during single mode opera- 
tions can produce high quality holograms even when the path length differences between the 
object and reference beams are in excess of one meter. When more than one longitudinal mode 
is present, the coherence length of the laser light decreases, reducing the size of the test object 
which can be holographically studied, and decreasing the amount of path differences which 
can be tolerated between the reference and object beams. A coherence length of approxima- 
tely 8 to 10 inches was considered necessary to obtain holograms which could provide an im- 
age with a field of view of 1 5° or more. Figure 10 exemplifies the difference in pulse shape 
between single mode and multi-mode output when detected by a fast photodetector and dis- 
played on a Tektronix 519 oscilloscope. A smooth unmodulated appearance, like that of the 
right-hand pulse, shows single mode laser operation, while the spiked appearance of the left 
hand pulse signifies multi-mode operation. 
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A 2 mm transverse mode selector aperture, which had been supplied with the laser, was re- 
placed by a 1 mm aperture to ensure supression of all transverse modes other than the TEN^. 
A sheet of exposed Polaroid film was placed in the path of the light beam, and the laser with 
the 1 mm aperture in the optical cavity was fired. The resulting spot on the film indicated 
that the intensity distribution of the beam was Gaussian and therefore single transverse mode 
operation had been achieved. The reduction of the aperture size also had a beneficial effect 
on suppression of longitudinal modes. Measurement of the pulse shape with the ultra-fast 
detector showed a very smooth, almost unmodulated, output. The improvement of laser co- 
herence was further substantiated by the imp roved quality of holograms. A disadvantage to 
this change in the laser cavity was the decrease in output energy from 35 milfijoules to 5 
millijoules. A 1 .5 mm aperture was then tested. The coherence properties of the beam were 
found to decrease only slightly while the output energy increased to 20 mJ. The 1 .5 mm 
aperture was therefore used in all future holography. 

4. Sensitization of Photographic Plates 

Early in the bench testing phase of the program, the laser-amplifier system, planned for use 
in the holocamera to increase available light, was found to introduce undesirable characteristics 
into the laser beam; therefore, the amplifier was not used during succeeding tests. As a 
backup measure to be used in the event that sufficient energy could not be produced by the 
laser to adequately expose the photographic plates, several methods of sensitizing the plates 
were studied during bench testing. During final tests on the NASA rig, the laser was pro- 
ducing enough energy to properly expose the plates; therefore, the sensitizing methods, 
which included presoaking the plates in various aqueous solutions (Refs. 9 and 10) and/or 
pre-exposing the plates, were not used. 

Holograms of the bench model taken with the 1 .5 mm aperture in the laser cavity and using 
photographic plates presensitized by soaking in water were found to be of good quality and 
brightness. Figure 1 1 shows several photographs of the bench model taken from a hologram 
obtained using this procedure. The Korad ruby laser, HeNe alignment laser, and all optical 
components were installed in the holocamera box. Once the optics had been aligned and 
secured, holograms of the bench model were again taken. The resulting holograms were 
good, indicating that the holography system was ready to be installed in the test stand. 

D. HOLOGRAPHIC TEST PROCEDURE WITH COMPRESSOR 

1 . Shakedown Tests 

The holocamera laser and optics were aligned in the compressor test stand. Initially, the 
laser and optics had to be aligned daily because the Q-switch prisms separation could not be 
properly maintained. However, once the box temperature was properly stabilized, daily 
realignment was not required. The performance of the holocamera during the shakedown 
tests with the compressor in operation, and modifications found necessary are summarized 
as follows: 


a) The output energy of the laser was measured at 1 5 to 20 millijoules, with an input 
of 4.1 to 4.4 kV, when the laser was operated in the Q-switched mode. This ener- 
gy was sufficient to expose Agfa 10E75 plates and produce good quality holograms. 

b) The Q-switch produced reproducible double pulses, with 10 microsecond separa- 
tions, when the temperature of the Q-switch could be stabilized to within 2 to 3 
Fahrenheit degrees. Temperature stabilization was maintained by installing three 
strip heaters inside the camera box which produced a total of 1400 watts of heat. 

A thermocouple located on the Korad optical rail was monitored in the control 
room where the heater control (on-off switch) was also located. The camera box 
temperature could be maintained at approximately 70° F with stand temperature 
at least as low as 20° F. 

c) The quality and the viewing angle of the holograms produced during the initial 
trial runs were improved substantially by repositioning some of the optics to reduce 
the difference in path lengths between the reference beam and object beam by three 

to four inches, and by moving the position of the plate holder towards the downstream 
side of the viewing window approximately one inch. Approximately one hologram in 
five was of desirable quality. 

d) The polycarbonate viewing window was found to be damaged after several hours 
of rig running. A photograph of the damaged window is shown in Figure 1 2. The 
window was repolished and reinstalled in the rig; however, during subsequent test 
runs, the window was damaged to an even greater extent (Figure 13). Two replace- 
ment polycarbonate plastic windows were machined, one of which was installed in 
the rig. 

e) After firing the laser 600 to 800 times (including optical system checkouts with- 
er t rig in operation), the threshold voltage (minimum voltage needed to obtain 
coherent light from the laser) began to increase significantly and the output energy 
of the laser became very erratic. The ruby laser flashlamp was, therefore, replaced. 
Once the laser head was reassembled and the laser realigned, the threshold voltage 
was found to be normal again, and the output energy much more consistent. 

A subsequent test run of the holography system and fan rig produced several good 
holograms showing three dimensional shock distributions around the fan blades 
at our flow conditions, two of the flow conditions were at 100% of design speed 
and iwo were at 70% of design speed. 

2. I mal Tests 

'..hen the final test part of the program was initiated, one hologram was taken from the first 
series of five and developed to determine its exposure and quality. The developed hologram 
was found to be of very good quality, and the test was continued. In all, five holograms 
were taken at '•ach of five flow conditions, three flows at 100% design speed and two flows 
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at 70% design speeds. Holograms were a'so taken at 50% design speed and, finally, with the 
rig shut down. Unfortunately, when the remaining holograms were developed, none were of 
the quality of the first hologram developed during the test. Despite an extensive effort to 
bring out the exposure of the underexposed plates by using high contrast developers, extend- 
ing the developing time, and slightly fogging the plates, the quality of the original hologram 
could not be duplicated. Since several excellent holograms had been obtained at the desired 
speeds and flow conditions during the shakedown tests, it was decided to use these and not 
repeat the final test. 

The underexposure of the holograms may have been the result of the following circumstances. 
The hologram developed during the test was an unfortunate choice. It was chosen because 
the detector had shown that the plate had been exposed to three pulses; therefore, develop- 
ing the plate at the test stand would not jeopardize a double-exposed plate. However, it 
appears likely that a fourth pulse occurred after the 100 microsecond time interval shown on 
the oscilloscope, which further exposed the plate. Because of similar detector voltage dis- 
played by the oscilloscope, subsequent holograms were thought to have been exposed to an 
energy equivalent to that of the developed hologram, but apparently they were not. 

Following the test, the holography equipment was removed from the stand, and an analysis 
of the holograms begun. In addition, the test compressor was moved to the optics laboratory 
to permit the actual rig interior to be used to provide the most accurate interpretation for 
the various shock front locations. 

OPTICAL ANALYSIS OF HOLOGRAMS 
A. DESCRIPTION OF SUCCESSFUL HOLOGRAMS 

The holocamera produced several excellent double-pulse holograms of the flow within the 
NASA fan rig. When the holograms are illuminated with a continuous HeNe laser beam, a 
three-dimensional image of the interior of the flow passage, beginning within the fan blade 
row and extending several inches upstream from the blades is created. A photograph taken 
with a conventional camera and conventional lighting of the fan rig without the window is shown 
in Figure 14. The rotor part-span shroud is partly visible about 4 inches inboard from the tip. 
The region illuminated by the ruby laser, and therefore seen in the resulting holograms, is indica- 
ted by the dotted lines enclosing a circular region on the hub. The gnd lines on the hub, which 
were painted on as a simple reference system for use when viewing the holograms, are spaced 
approximately one inch apart. The effects of the window, due to the curvature of the window, 
the grid lines on the window, and window damage resulting from heating during fan opera- 
tion, can be seen by comparing the views in Figure 1 4 and Figure 1 5. In this three-dimen- 
sional image space, within and in front of the fan blade row, dark lines, or interference fringes, 
can be seen in the holograms, Figures 16 through 20, generally running parallel to each other 
and extending upstream from the blades. The interference fringes vary in appearance from 
fringes which seem to belong to a group or system, Figures 1 6 and 1 7 (taken at 70% 
design speed) to individual fringes which seem to stand apart from others, Figures 18, 1 9 
and 20 (taken at 1 00% design speed). 


These differences in appearance can be attributed to variations in gas density changes occurring 
between the two exposures of the holograms. The Q-switch was set for a 10 microsecond 
pulse separation for all holograms shown. However, pressure gradients and gas flow velocities 
were greater at the 100% speed line and, therefore, the gas density change which occurred 
between exposures was greatest for holograms taken at this flow condition. Large density 
changes resulted in the closely spaced interferences fringes and, in the case of the holograms 
obtained at the 100% speed line, most of the fringes were too closely spaced to be resolved. 

At the 70% speed line, the pulse separation and hence the density variation between exposures 
was sufficiently small to produce an easily resolved finite fringe system in the space corres- 
ponding to that occupied by shock waves moving upstream from the fan blades. The appear- 
ance of these fringe systems is very much like that of conventional interferograms (Ref. 1 1 ) 
except that the fringe system is three-dimensional. 

The flow feature most evident in both holograms obtained at the 70% speed lines (Figures 
16 and 17) is a shock which lies almost midway between the leading edges of each pair of 
adjacent blades. The fringes associated with this shock appear to be located on a plane which 
starts at the window and extends down 2 or 3 inches into the flow. The exact distance is 
difficult to determine without a more detailed study of the hologram. Fringes can be also 
seen in the photographs of the reconstructed images shown in Figure 1 7 which are associated 
with the leading edge bow wave and an apparent upstream wave effect of the precompression 
ramp of one of the blades. This set of fringes also appears to be located on a surface ex- 
tending down from the window into the flow. 

During the 10 microseconds between pulses, the blades and the flow field moved a noticeable 
distance. For the 70% and the 100% speed line holograms this distance was approximately 
1/4 inch and 1/3 inch at the blade tips respectively. A careful examination of the holograms, 
or of photographs of the holograms, reveal definite signs of this motion, such as the double 
image of the blades at the leading edge, e.g., Figure 20. 

The pulse separation was too great in the holograms taken at the 100% speed line, Figures 
18,19 and 20, for the complete fringe system associated with each shock wave to be ob- 
served. Instead, single or sometimes double fringes can be seen because local density gradients 
were small enough to result in a visible fringe spacing. These conditions generally exist 
only over a relatively small region of each shock; nevertheless, the regions are large enough 
to be easily observed with the unaided eye. As in the holograms shown in Figures 16 and 17, 
fringes can be seen at the window while others are up to 7 inches in from the window. The 
passage shocks, which appear attached to the leading edge of the fan blade and continue 
downstream toward the suction surface of the adjacent blade, can only be seen near the win- 
dow (Figures 18A and 20). Unlike the fringes associated with the bow waves, those associated 
with the passage shock are irregular, rather than running along approximately straight lines. 

B. ANALYTICAL METHODS OF FRINGE LOCALIZATION 

Hie analysis of diffusely illuminated holographic interferograms, such as those produced in 
this program, is accomplished by photographing the reconstructed scene from various direc- 
tions within the field of view. Each photograph resembles an ordinary interferogram, and 
information about the flow field is determined from these photographs. 
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In general, it has been found that if a complete 180° field of view through the flow region 
can be obtained the three-dimensional distribution of density change between the first and 
second holographic exposure can be determined (Reference 1 2). 

In the present program, the angular field of view was restricted by the rig geometry to less than 
1 5° and, consequently, determination of the density change distributions was not possible. 
Nevertheless, even within this relatively narrow field, the fringe systems observed in the holo- 
grams exhibit very pronounced localization and perspective effects. It was, therefore, possible 
to determine the general features of the fringe systems, such as locations where abrupt changes 
in fringe spatial frequency occurred. 

A more complete description of the basic theory of fringe formation in holographic interfero- 
grams is given in Appendix III. The conclusions of this analysis can be summarized as follows: 

1 . The optical phase or fringe number observed at any point in the photograph of a holo- 
graphic interferogram depends primarily on the difference in optical path (for two holo- 
gram exposures) along the central ray through the observing aperture which terminates 
at that point. 

2. The spatial fringe frequency in the neighborhood of a given point depends on the differ- 
ence in the density gradient (for two hologram exposures) transverse to the central ray 
terminating at that point. 

3. For density changes which are localized in space and produce significant deflections of 
ray paths, the fringes observed tend to be localized at the same region as the density 
change. For more generalized density changes, fringes can be located anywhere and 
their location bears no simple relationship to the location of the density changes which 
produced them. 

4. Regions in which changes in fringe frequency occur can be located independently of 
the fringes themselves. These regions are very important in determining shock locations 
because the fringes are frequently not localized at the shock positions, while the lines 
of demarcation between regions of different fringe frequency are located at the shocks. 

5. The visibility of the recorded fringes is best when the camera is focused on the region 
of fringe localization. Visibility decreases as the camera aperture increases. 

Based on these general principles, several techniques for determining the shock locations 
were tried. The method finally adopted for reducing hologram information to graphical 
plots of the shock profiles involved taking a series of photographs of each hologram from at 
least five viewing angles. Each viewing angle differed by approximately four degrees. For 
each of these viewing angles, several photographs were taken with varying focus and f-number 
so that all features of the flow field could be seen in the series of photographs. 

A triangulation method was then used to determine the position of points on a feature of 
interest, such as a shock wave, by measuring the position of the point with respect to the 


window in two photographs taken from different angles. The triangulation method was based 
on the principle that three equations could be easily derived corresponding to three planes 
upon which a single point of interest lies. Solving these equations to determine the point of 
intersection of the three planes yields the coordinate values of the point of interest. 

The procedure used to determine the triangulation equations from the photographs of the 
holograms can be made clearer by studying Figures 21 and 22. A convenient coordinate sys- 
tem was chosen in which the window grid is considered to lie in the Y - 0 plane. The positive 
X-direction is along a grid line parallel to the blade direction of rotation; the positive Z-direction 
is along a grid line in the axial downstream direction. The origin of the coordinate system is 
located at the intersection of two specific grid lines, Figure 22. 

The steps involved in the quantitative analysis of the holograms can be summarized as follows: 

1 . Determine the viewing angles, 0 X y and 0 zy , and the distance C, from which the photo- 
graphs of the hologram to be analyzed were taken, Figure 23. 

2. In two photographs, locate a common point on a fringe system whose position is to be 
determined, and measure the apparent coordinate position, (X 0 , Z Q ) of the point with 
respect to the window grid system in the photographs. 

3. Insert a set of values for C yz , C xy , 0 ry , 0 zy , X Q and Z 0 , into the pair of equations for 



where 29 is the focal length in inches of the plastic window, 

C xy * Csin 0y Z and C yz = Csin 0 xy 

Of the four resulting plane equations, any three can be used to solve for the point of 
intersection of these planes, which corresponds to the location of the point of interest. 
The three equations to be used are determined by selecting those equations representing 
the greatest difference in viewing angle. These equations are derived in Appendix IV. 

4. Repeat the above procedure for several points around the fringe system to determine 
the orientation and position of the corresponding shock wave. An example of the 
above procedure is given in Appendix V. 

The accuracy of the method described above is discussed in Appendix V. The results of the 
error analysis were that the uncertainty in the values of X, Y, and Z were approximately 0.4 
inch. However, the majority of the uncertainty in the values of X and Z was due to motion 
of the rotor and flow field between exposures. 
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AERODYNAMIC INTERPRETATION FROM ANALYSIS OF HOLOGRAMS 


A. INTRODUCTION 

In the following sect'ons, the aerodynamic interpretation of the information obtained from 
the successful holograms is presented. The data obtained in the flow visualization program 
are compared with aerodynamic data obtained earlier (Reference 3) with the same test fan 
rig under Contract NAS3- 13493. When the holographic data were being recorded, the test 
compressor was set as closely as practical to the overall conditions (inlet corrected flow and 
corrected rotor speed) run previously. The compressor test conditions in the present program 
can be compared in Figure 24 with those from the earlier program. The blade element data 
from Reference 3 nearest to the four simulated conditions in the recent holography program 
are given in Appendix II. 

The holographic data presented are almost exclusively limited to information regarding the 
upstream shock system propagating from the rotor. Exceptions are the holograms obtained 
at 100% design speed where information regarding the leading edge passage shock and pre- 
compression region at the blade tip is noted. The limited results are a consequence of the 
restricted viewing angle resulting from the change from Bragg to Fresnel holography, the 
limited region of background illumination, the location of the part-span shroud on the blade 
which restricted the view in the intrablade region, and the viewing blockage created by the 
spanwise twist of the blade leading edge. 

In the following sections, descriptions of the assumptions made to complete aerodynamic 
interpretation of the holographic data are given. The presentation of the data itself is made 
to show, for the various flow conditions of the transonic rotor, the nature of the observed 
leading edge bow and passage shock waves at several spanwise positions. 

B. DESCRIPTION AND ASSUMPTIONS 

The bow shock information was obtained by using the location of fringe points determined 
by the method described in Appendix IV. Since only certain fringe points in each hologram 
could be associated accurately with local density changes, there was no consistent demon- 
stration of the shock patterns at the same radial locations for each hologram. For the shocks 
whose position and orientation were noted, at least two fringe points were determined at 
approximately the same spanwise location along the rote blade. These fringe points were 
projected onto a plane tangent to a cylinder whose radius (measured from the compressor 
axis) was an average of the radii to the measured points. This projection was found to be 
suitable for most cases because the error in the Y-dimension (distance inward from the win- 
dow plane) was such that the transfer of points to the same tangent plane was a reasonable 
approximation. In each tangent plane, two or more points were connected, indicating the 
shock angles determined by holographic analysis wit. respect to the known blade shape and 
orientation (see Reference 2). 

Using Figure 25 as an example of the demonstration of the holographic data results to be 
given, the blade section in a tangent plane at a radius of 1 6.5 inches is shown for the 70% 
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speed, near stall flow conditions (hologram 8). The inlet flow and the direction of blade rota- 
tion are as shown in Figure 1 6 and 25. The line in Figure 25 emanating from near the blade 
suction surface, and extending into the upstream flow field, represents the localization of 
fringes from hologram 8 (see Figure 1 6) onto this plane. The crosses on the reconstructed 
fringe line (labeled “measured precompression wave”) are the points determined by the 
localization method described in Appendix IV. The circled cross is the projection of the origin 
of the (X, Y, Z) coordinate system located on the outer window grid (see Figure 22) onto 
the tangent plane at the radius of 16.5 inches. 


The measured shock angles were projected onto planes tangent to a cylinder at the radius of 
interest from the compressor axis. In the mid-span region, these planes correspond closely to 
blade section planes, which are tangent to nearly axial meridional streamlines. The orienta- 
tion in the tangent plane of each shock with respect to the blade can then be determined and 
compared with angles calculated from blade element data. In the tip region, however, the 
angle e of the meridional streamline with respect to the compressor axis approached values 
at the rotor leading edge approximately -20° ; at the hub approximately 36.3°. Thus a correc- 
tion between an angle measured in a tangent plane at a given radius and that determined in a 
tangent plane at the conical angle e was made. This was done using Eq. (3), which can be 
derived by noting that the projection n of the angle p between two lines in a conical plane at 
an angle e with the respect to a radial plane (see Figure 26) is given by: 

p h 3 n h 2 

hi sin - = — = h? sin - ; - — = cos e 

1 2 2 1 2 hj 


so that 



1 

cose 



(3) 


This formula was used to compare the bow wave angle ju_ eas deduced from the holograms 
with the projection n of the Mach angle p * arcsin (1/M ). (The angle Ji meas is the Mach 

angle measured with respect to the relative flow direction in each tangent plane). The 
value of the relative Mach number M'j 3 was obtained from the blade element data on a neigh- 
boring streamline at an angle e to the compressor axis. Since the computed Mach wave is 
based on the axisymmetric value of leading edge Mach number, it is proper to consider this 
wave as the leading edge asymptotic Mach wave, as in Figure 27. The comparison between 
the angle p and P is shown in Table 3 for the four flow conditions and the eight radial planes 
onto which all the holographic data were projected. The indicated streamline angles e did 
not vaiy significantly enough among the four flow conditions to .arrant using other than 
design values. In addition, the relative Mach numbers used to calculate the angle P in Table 
4 are those calculated by the streamline analysis at approximately the rotor leading edge 
(Appendix II). The points determined by the analyses of the holograms were located four 
inches or less axially upstream of the rotor leading edge. For these points, the relative Mach 
number was subject to change from variations in the stream tube thickness and radial loca- 
tion. The Mach number and relative air angle variations as functions of upstream axial posi- 
tion are shown in Table 4 for several streamlines for the 70% and 1 00% design speed near 
stall conditions, as calculated by the streamline analysis. These are given as typical variations 
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for other speeds and pressure ratios. Variations can be appreciable, especially with regard to 
the air angle Changes in relative Mach numbers (and Mach angles) from those calculated 
in the rotor leading edge plane are of lesser magnitude. Therefore, no entirely direct com- 
parison between shock angles deduced from the holograms and Mach angles calculated from 
rotor leading edge Mach numbers was possible. 


TABLE 3 


DM. (in.) 


COMPARISON OF MACH ANCLES CALCULATED 
FROM BLADE ELEMENT DATA AND CORRECTED 
MACH NUMBERS ACCORDING TO EQUATION 3 


100% Speed Conditions 
Wear Stall Maximum Row 

MM MM 


70% Speed Conditions 
Near Stali Intermediate Flow 

? m Pm 


*»*« (i/m’, 3 ) 

derived from E q. 3 


Number 


TABLE 4 

TYPICAL VARIATIONS OF M' &' AS A FUNCTION OF 
AXIAL DISTANCE UPSTREAM OF ROTOR 


76.7° 77 2° 
70.3 71.6 

63.6 66.8 

59.6 64.0 


10091 Speed Condition Near Stall 
Diameter of Streamline at Blade Leading Edge (in.) 


Location 

19.92 

22.73 

26.04 

28.3 

31.2 

33.02 

(In.) 

M' . F 

M' . F 

M' F 

M' . F 

M' . F 

M' . F 

L.E 

-1.0 

-2.25 

-4.0 

1.128 62.1 
I.0S 64.9 
.998 67.1 
.969 67.0 

1.294 62.36 
1.226 65.62 
1.184 68.2 
1.156 69.56 

1.468 63.95 
1.41 67.67 

1.386 70S 
1.368 72.7 

1.574 65.7 
1.526 69.77 
1.515 72.64 
1.508 74.9 

1.687 68.9 
1.666 72.8 
1.676 75.5 
1.685 77.7 

1.765 70.4 
1 753 74.6 
1.774 77.3 
1.794 79.4 

70% Speed Condition - Near Stall 



Diameter of Streamline at Blade Leading Edge (in.) 



Location 

19.97 

22.75 

26.03 

28.29 

31.2 

33.02 

OO 

m’ . r 

m* , r 

M’ . f 

M ' . F 

M' . F 

M' , F 

L.E. 
- 1.0 
-2.2S 
-4 JO 

SU190N" 

RELATIVl. 

FLOW 


1.03 70.7 

1.027 73.25 
1.03 75.1 

1.035 76.8 

1.12 73.0 

1.13 75.71 

1.15 77.4 

1.16 79.2 

1.(8 74.23 

1.20 77.1 

1.22 78.8 

1.24 80.6“ 
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Finally, the comparison of the shock anglt* (approximated in the holographic analysis as 
straight lines between measured fringe points) with Mach angles assumes that each bow wave 
under scrutiny has attenuated to a Mach wave at the Mach angle of the upstream asymptotic 
flow field. As the following presentation of data demonstrates, many of the measured fringe 
points were close enough to the blade leading edge that this condition was not met. 

C. AERODYNAMIC ANALYSIS OF HOLOGRAMS TAKEN AT 100% SPEED 

1 . Shock Patterns at Maximum and Near Stall Flows 

At the 100% design speed condition, holographic data were successfully obtained at the maxi- 
mum flow condition (hologram 1, Figure 18 and hologram 3, Figure 19) and at the near-stall 
condition (hologram 21, Figure 20). For the near-stall condition, hologram 21 provided in- 
formation regarding both bow and passage shocks (Figure 27 a, b, c, d). Also included are the 
leading edge suction surface incidence and Mach angles from blade element data, corrected 
according to equation 3. It should be noted that this flow condition was on an overall per- 
formance basis, closest to design perfonnance goals. The passage shock at the blade tip (Fig- 
ure 27a) was observed at an angle of 73.0° to the blade suction surface compared to the de- 
sign value of 74.4°. In addition, from Figure 20a (a photograph taken of hologram 21 focused 
at the blade tip), a region of density change is distinguished to the right of the observed leading 
edge tip by a difference in intensity from neighboring regions, and not by a regular fringe 
system. This region appears to cover the area that the precompression ramp would be expected 
to influence. The difference between the extent of this observed region and the design intent 
is that Figure 20 shows some effect forward of the blade leading edge, with this difference 
possibly caused by blade shape irregularities or by various endwali effects (e.g., tip clearance, 
endwall boundary layer and secondary flows, radial flows). 

Another interesting feature can be seen in Figure 27a, b taken from hologram 21 . At the tip, 
r * 1 6.06 inches, the measured bow shock is at a larger angle with respect to the relative flow 
direction than at the smaller radial position, r ■ 1 5.34 inches. As smaller radial positions are 
approached, the bow shock again swings out to larger angles with respect to relative flow 
direction. This is, of course, a consequence of decreasing Mach number, and resulting higher 
Mach angles for decreasing radial positions along the blade span. The large Mach angle at the 
tip section, therefore, indicates a local decrease in Mach number. This tip effect probably is 
caused by the endwall boundary layer where the relative Mach number is less than the value out- 
side the boundary layer due to the decreased axial velocity. The angle measured from the holo- 
graphic data appears to give some average effect of the reduced Mach number in the endwall 
region. The values of relative Mach number and incidence given by the blade element data 
are outside the endwall region and, therefore, oo not reflect endwall reduced Mach numbers 
and increased leading edge incidences. The comparisons of the angles of the bow waves de- 
duced from the holograms and the leading edge asymptotic Mach waves thus appear generally 
poorer at the tip than at lower radial planes for the results shown in Figure 27. This conclusion 
is generally true for each of the holograms. 

For the maximum flow condition at 100% design speed, holograms 1 and 3 (Figures 1 8 and 
19) provide a variety of information regarding the upstream bow waves and the tip passage 
shock, as shown for several radial locations in Figure 28. The design value of the angle between 
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the passage shock and blade suction surface was 74.4° with an inlet relative Mach number of 
1 .77. For hologram 1 , the measured angle was 60° The shock appears to be attached and 
swept back, definitely indicating a started flow condition. The fact that the shock is more 
oblique than design intent is consistent with this flow point being at a lower than design value 
of static pressure ratio. 

In observing the results for all holograms taken at the 100% design speed condition, Figures 
27 and 28, it is apparent that the measured bow waves are at a larger angle with respect to 
the tangential direction than the corrected calculated leading edge Mach waves. This result 
has been largely explained by Table 4, where the changes in calculated relative Mach number 
M' and air angle 0' at and upstream of the rotor leading edge are given. The listings in Tab.e 
4 infer differences of the angle between the local Mach wave and the tangential direction, 

(ji + 0' - 90°), as large as 10° between rotor leading edge and a station four inches upstream. 
This order of change does not explain the still larger differences (e.g. 20° in Fig. 28a for a 
tip radial position) in measured and calculated angles in Figures 27 and 28. At radial positions 
away from the tip, however, the correction in angle inferred by T. ble 4 does bring the meas- 
ured and calculated angles within closer agreement. 

Some differences between holographically measured angles and calculated angles may exist 
because the holographic results do not compare the same blade passage. As the compressor 
was set at its operating points, holograms were taken at random times; no attempt was made 
to visualize the same blade passage each time. Therefore, Hade-to-blade differences may 
introduce some errors when comparing holographically measured results with inlet average 
calculated values. 

2. Comparison of Holographic Data with Blade Element Data and Rotor Tip Static Pressure 
Contours 

The rotor tip static pressure contours obtained from Reference 3 are shown in Figure 29a for 
100% speed, maximum flow condition and in Figure 29b for 100% speed, near stall condition. 
A strong leading edge passage shock at the blade tip can be observed from Figure 29a, followed 
by an expansion region which accelerates the flow and gives rise to a trailing edge shock. The 
holographic data provide information about the leading edge passage shock only, giving no 
indication of its reflection or other downstream phenomena due to the limited field of view. 
The angle of the oblique passage shock from the suction surface leading edge has a design 
value of 74.4°, compared with an angle of 60° from hologram 1 (Figure 28a). The average 
shock angle that can be drawn using static pressure contours is approximately 64° (Figure 
29a), which is in close agreement with the remit of hologram 1 . This indicates that at maxi- 
mum Cow condition the passage shock is swept back further than at the design (near stall) 
condition. Again, this is the expected result at lower than design values of back pressure. 

From Figure 29b, the static pressure contour for the near stall condition (also the closest to 
design performance goals on an overall rotor performance basis) shows a suction surface flow 
expansion before the precompression ramp, followed by a compression in the vicinity of the 
ramp. There is, however, no evidence here of a focus of compression waves near the tip of 
the adjacent blade. As noted earlier, the hologram taken at this condition, (hologram 21 , 
Finite 20), indicated some density changes extending from the vicinity of the precompression 
ramp to a region near the leading edge of the following blade. The leading edge passage shock 
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from Figure 29b seems to be directed toward the maximum suction surface camber point at 
an angle almost a; the design intent of 74.4°. The angle for this shock, measured from the 
hologram, is approximately 73°, which shows excellent agreement from all sources of com- 
parison. The activity downstream of the leading edge shocks, seen in Figure 29b, was not 
observed in the holograms. It was in this region, for design speed conditions, that much of 
the major shock structure was altered when throttle conditions were changed. 

In summary, the results from the holograms taken at 1 00% design speed condition show the 
upstream bow wa . es at larger angles with respect to the tangential direction than would be 
indicated by the Mach wave angles calculated from rotor leading edge corrected Mach num- 
bers. The angle differences are as large as 22°, with maximum discrepancy near the blade tip. 
This has been partly explained by the variation in upstream relative Mach and air angle shown 
in Table 4. All results indicate that the leading edge shocks, both passage and bow waves, 
remain attached at the tip over the entire compressor flow range. This is further confirmed 
from the ier 2mg edge suction surface incidence and Mach numbers as calculated in the blade 
element data (Figure 30). The small additional incidence at the near stall point, which results 
in decreased flow, is not apparent in a tip shock detachment when viewing results of the 
holograms. Some shock detachment is noted at lower spanwise positions for both maximum 
flow and near stall flow, which is expected from the effect of decreasing Mach number. This 
is evidenced by larger values of suction surface incidence i^‘ in the mid-span region, especially 
in the near stall case. It may be concluded, therefore, that in the tip region the blade passage 
flow was started over the entire flow range. The change in the angle of the leading edge passage 
shock between maximum flow and near stall flow shows the effect of back pressure. This 
behavior is also seen in the rotor tip static pressure contours. No irregular radial shock struc- 
ture could be discerned from the holograms taken at 100% speed, except for the previously 
discussed endwall effect on the bow wave angle. 

D. AERODYNAMIC ANALYSIS OF HOLOGRAMS TAKEN AT 70% DESIGN SPEED 
1 . Shock Patterns at Intermediate and Near Stall Flows 

At the 70% design speed condition, holographic data were successfully obtained at the near 
stall condition (hologram 8, Figure 16) and at the intermediate condition (hologram 13, Figure 
1 7). For the near stall condition, the only fringes that could be located apparently emanated 
from the blade suction surface, approximately at the mid-point of the uncovered portion of 
the blade suction surface. Figure 16 shows a photograph focused at the blade tip of the 
fringe system of hologram 8. The reconstruction of this fringe system at the tip radius 16.5 
inchts is given in Figure 25a, and at a radius of 14.49 inches in Figure 25b. Also included rre 
the leading edge suction surface incidences, calculated from blade element data, (Figure 30). 
These reconstructed fringe lines are interpreted as manifestations of precompression waves 
and their coalescence off the blade suction surface at inlet Mach number levels far below 
design values. That is, at the 70% speed conditions, the blade was running at higher than de- 
sign incidences, but at lower Mach numbers, so that compression waves off the concave pre- 
compression ramp missed the leading edge of the following blade. Since these waves tend to 
converge, it would be expected that a shock would result in the upstream field. The lines in- 
dicated in Figures 25a and b from the fringe system apparently represent some average loca- 
tion of this compression system generated by the suction surface precompression ramp. No 
information regarding the leading edge bow shock system for hologram 8 could be determined. 
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For the intermediate flow condition at 70% design speed recorded by hologram 13, Figure 17 
information was obtained regarding both the bow shock system and a similar compression 
system created by the precompression ramp as noted for hologram 8. Hologram 1 3 possesses 
a rather classic interference pattern, permitting further analysis of the hologram itself, using 
two interpretive methods. The first, described in Appendix IV, was used in analyzing the 
previously discussed holograms. The second method was an attempt to generalize the technique 
by using three fringe points to define a shock surface (i.e., a plane) in space. Intersection of 
such a surface with any blade plane would describe the shock shape in that plane. A descrip- 
tion of the second technique is given in Appendix VI, as applied for hologram 13. 

Figure 3 la, b, c, d indicate the pointwise reconstruction of the shock system at various radial 
positions. Also included for comparison are the leading edge suction surface incidences and 
Mach angles corrected to Equation 3. The reconstructed fringe lines which appear between 
the lines representing bow waves again would seem to result from the precompression ramp 
wave system at reduced Mach numbers associated with the 70% design speed, intermediate 
flow condition. 

The plane reconstruction of the bow shocks from holographic data, described in Appendix 
VI, for hologram 13 is presented in Figures 32a, b, c, d for four radial positions. Where pos- 
sible, the pointwise reconstruction shown in Figure 31 has been superposed for comparison. 
There is generally fair agreement in the results of the two techniques. Agreement, for example, 
between the angle of the bow wave on the left blade determined by plane reconstruction and 
either the wave determined by the “point” reconstruction, or the leading edge asymptotic 
Mach wave direction, is excellent. The discrepancy between angles for the bow waves from 
the plane reconstruction off the adjacent blades is attributable to errors in determining the 
points which define the shock plane. These errors arise if, say, two points defining the shock 
plane are chosen near the blade tip and a third chosen at a much smaller radius. The plane 
reconstruction of the shock surface then proved most satisfactory near the tip, with discrep- 
ancies occurring at the smaller spanwise radii. A more general shock surface than a plane is 
needed to adequately define the bow waves in hologram 13, although the plane reconstruction 
method apparently produces reasonable results for the left blade, since regular fringe patterns 
were obtained in this hologram. For more complex fringe patterns obtained for the 100% 
design speed conditions, the plane reconstruction method is not applicable. 

2. Comparison of Holographic Data With Blade Element Data and Rotor Tip Static Pressure 
Contours 

The rotor blade tip static pressure contours are shown in Figure 33a for the 70% speed, near 
stall condition, and in Figure 33b for a 70% speed, intermediate condition. Figure 33b shows 
a strong leading edge passage shock, slightly detached from the blade, and some indications 
of a trailing edge shock. These phenomena are not apparent from holograms 8 and 1 3 be- 
cause of the limited field of view. Figure 33b indicates that in the forward portion of the 
blade suction surface there were relatively large upstream pressures, followed by the leading 
edge passage shock. These upstream pressures appear to be associated with the “mid-shock” 
located between bow shocks in the intermediate flow condition (hologram 13, Figures 31 
and 32) and the near stall condition (hologram 8, Figure 25). The tip static pressure contours 
do not supply any information about the location or shape of the upstream bow waves. 
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In summary, the results of the holograms taken at the 70% design speed condition show an 
upstream effect of a precompression ramp at Mach numbers below design levels. The limited 
bow shock wave data from hologram 13, Figures 31 and 32 generally show the waves at a 
larger angle with respect to the tangenti J direction than the corrected leading edge Mach 
wave angle. This result is similar to that obtained for the 1 00% design speed cases and can be 
similarly explained. 

Finally, the holographic results at this 70% speed condition do not give conclusive evidence 
of the location of the bow waves with respect to the rotor blade leading edge. From the re- 
sults of hologram 13, Figures 31 and 32, it appears that the bow wave was attached at the 
blade tip, and became progressively more detached proceeding inward from the tip. The 
blade element results, however, for the leading edge suction surface incidence at 70% speed. 
Figure 30, show significantly larger than design (100% speed) incidences. Such large incidences 
are consistent with more significant shock detachment at the lower speeds. Further holographic 
data are needed to reconcile the discrepancy between these results at the blade tip, although 
qualitative agreement is seen at smaller radial elevations. 

E. OTHER AERODYNAMIC DISCUSSION 

In all sets of data from the various holograms, no unusual radial variations of the bow wave 
structure were observed, with the exception of the end wall effect seen for the 100 % speed 
at near stall (Figure 27). At 70% speed, the bow shock was detached over most of the span, 
and indicated relatively small spanwise variations. The relative “flatness” of this shock sur- 
face suggested a plane reconstruction of the shock surface described in Appendix VI. At 
100 % speed, the bow shocks were attached over the outer part of the span, with increasing 
detachment as lower radial positions were reached. No discontinuous behavior in these radial 
shock patterns was observed. 

In the discussion of the 100% speed data in Section C herein, the statement is made that the 
flow in the outer region of the rotor appears to be started over the range from maximum flow 
to near-stall flow. In this context, the term “started” is intended to mean that upstream con- 
ditions into the blade passage are independent of the throttle, or back pressure, condition 
across the blade row. For a fixed inlet relative Mach number, these upstream conditions were 
a function only of the blade geometry. In the present case, at 100% speed, the leading edge 
passage shock remains oblique over the entire flow range with an essentially fixed relative 
Mach number and air angle, so that the flow is presumed to remain started. Small changes in 
relative air angle can result for a started passage due to finite leading edge bluntness effects 
and to effective changes in suction surface geometry due to boundary layer growth. This is 
verified by the blade element data shown in Figure 30, where maximum calculated differences 
in incidences (or relative air angles ^ 13 ) of about one degree are shown for flow variations 
ranging from maximum flow to the near surge point. 

The previously noted variation of oblique shock angle (i.e., strength) with back pressure ob- 
served in the holograms does not contradict the fact that the flow remains started, since the 
inlet conditions are affected only to a small measure. In the Design Report of this fan stage 
(Reference 2), it was stated that the flow would only start if the normal shock at the channel 
entrance during the starting process were based on a Mach number lower than the leading 
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edge asymptotic Mach number. This argument was based on the Kantroivitz-Donaldson con- 
traction ratio for starting, (References 13 and 14). If the rotor had not sUrted at 100% speed, 
the maximum flow rate would have been lower than design, and the flow would have dropped 
significantly as the throttle was closed from the maximum flow condition. This was not the 
case; in fact, the stage had a 2.3% overflow from design value at the maximum flow conditions, 
(Reference 3). Evidence from the holograms indicates that in the outer region of the roto r 
the flow was started for all conditions at 100% speed and unstarted at 70% speed (except 
near the blade tip). These results are consistent with the Mach number change resulting from 
the speed change and the corresponding required area for starting. 

In Reference 15, a shadowgraph technique used to analyze the shock patterns and perform- 
ance of two supersonic compressor rotors is described. The compressor, with a hub-to-tip 
ratio of 0.75, was tested with a set of sharp leading edge, and a set of rounded leading edge, 
blades. The shadowgraphs generally showed the tip bow and passage shock patterns only, 
since this technique does not permit three-dimensional resolution possible with double-pulse 
holography. The conclusions were that, as the flow in the rotor starts, no discontinuity in 
compressor performance occurs, and that it is possible for the compressor to have a decrease 
in weight flow while the flow remains started. The previously described analysis of the holo- 
graphic data recorded at 100% speed is in agreement with this latter conclusion. Unfortun- 
ately, the present results do not cover as broad a flow and throttle setting range as reported 
in Reference 15. A complete variation such as that presented in Reference 15 is needed to 
fully understand the starting process, especially since the holographic technique stores in- 
formation for later and prolonged observation of three-dimensional effects. 

SUMMARY OF RESULTS 

The technique of double-pulse, double-exposure interferometric holography was successfully 
applied to visualize the flow field ahead of and within a limited region of transonic com- 
pressor rotor with a tip speed of 1 800 ft/sec. The major results were: 

1 . Successful holograms of the flow within and ahead of the transonic rotor were obtained. 
The three-dimensional nature of the bow shock structure was determined, using techni- 
ques devised for locating fringe positions in the holograms. The orientation of the lead- 
ing edge passage shock near the blade tip was also found. 

2. The pulse separation used for the holograms was limited to 10 microseconds because of 
temperature and reliability problems with the FT1R Q-switch. Pulse separations of one 
microsecond or less would increase the visibility ot the flow in regions where large density 
gradients have reduced fringe spacing to unresolvable values. Also, by varying the pulse 
separation over a wide range of values, shock waves of almost any strength could be seq- 
uentially viewed at all radial locations. 

3. Flow features generally could be seen only in the upstream portion of the blade passage. 
An increase in the size of the intrablade region that could be viewed would be brought 
about by viewing the flow field against a stationary portion of the rig other than the 
hub, such as possible struts or the casing upstream of the rotor. 
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4. Crazing of the viewing window during tests reduced the visibility of the flow field. The 
material used for the manufacture of the viewing window, polycarbonate plastic, should 
be replaced by a material with greater high temperature tolerance, such as a fused quartz. 

5. Fewer than 1 0% of the holograms taken resulted in clear pictures of the flow field. A 
pulsed laser with greater coherence stability than was available for these tests would 
increase the number of good holograms obtained during each test run. 

6. Blades were not always in the most convenient positions for viewing the surrounding 
flow field It would be advantageous to include the capability of timing the laser pulses 
with a blade position indicator (for i.ie first pulse) to ensure that blades are in the proper 
viewing position when the holograms are exposed. This procedure would also . .u.it the 
viewing of any blade which might be of particular interest. 

7. At the 100% speed near stall flow, the closest to the design goal on an overall perfor- 
mance basis, the leading edge passage shock angle determined from tb* - holograms 
agreed closely with both the design value and the observed angle from rotor tip static 
pressure contours. At the maximum flow condition, the observed passage shock was 
more oblique, consistent with the lower than design static pressure at the rotor exit. This 
result is also in qualitative agreement with rotor tip static pressure contours. Also at 
100% speed, the analysis of the holograms indicated that, in the outer portion of the blade 
span, the flow remains started with attached shocks from the maximum flow condition 

to near stall flow. This result is in general agreement with calculated leading edge blade 
element values of Mach numbers and incidences. At lower positions along *he blade 
span, progressive shock detachment was noted. 

8. The measured bow wave angles from the holographic data for both 70% and 1 00% of 
design speed were generally too large compared with those calculated from leading edge 
blade element data. In some cases, however, agreement was quite satisfactory. In the 
tip endwall region, larger bow shock angles were measured than those at lower depths, 
presumably due to the reduced velocity in the casing boundary layer. 

9. The effect of precompiession ramp of the blading was seen at 70% speed as a coalescence 
of waves, and at 1 00% speed as a broad region, quite close to the design intent except 
for some effect ahead of the blade leading edge. 

10. At 70% speed, the holograms appeared to indicate attached bow waves at the rotor tip, 
which was not in agreement with relatively large blade element values of leading edge 
incidences. No explanation for this difference can be made. 
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APPENDIX I 

SYMBOLS AND PERFORMANCE PARAMETER DEFINITIONS 
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APPENDIX I-a 


a - 

A 

b 

B 

C 

d 

D 

f 

8c " 

ID 

Hn " 

i(D - 
h 

h ~ 

k 

1 

m - 

M 

MCA - 
n - 
N (k,r) - 


SYMBOLS 

distance between two points on the hub 
area, ft^ 

distance on the viewing window between two points associated with two lines 
of sight 

camera position 

distance from camera lens to holographic image of the viewing window 

distance between window and rig hub 

diffusion facte. v u.»ed D, Table 5) 

focal length of viewing window; f-stop of lens 

conversion factor, 32.17 lb m ft/lb sec^ 

Inside Diameter, inches 

incidence angle, angle between inlet air direction and line tangent to blade mean 
camber line at leading edge, degrees (labelled INCM, Table 6) 

field intensity in the image plane (Appendix III only) 

incidence angle, angle between inlet air direction and line tangent to blade 
suction surface at leading edge, degrees (labelled INCS, Table 6) 

first order Bessel function 
light propagation vector 

pathlength of central ray through phase object (Appendix III) 

slope of a line 

Mach number 

Multiple-Circular- Arc 

index of refraction 

plane wave spectrum (Appendix III only) 


26 


N 


rotor speed, rpm (N/y / T) 




OD - outside diameter inches 
O - point on lens (Appendix III only) 

? - total pressure, psfa 

P - point in the image of the flow region (Appendix III only) 

P ' - conjugate point of P 

p - static pressure, psfa 

r — radius from compressor centerline, inches 
r - position vector (Appendix III only) 

Rl 2 ~ radii of curvature of viewing window (Appendix IV only) 

R — gas constant for air, ft lb/lb m °R 

S — point on diffuse source of light (Appendix III only) 

s j 2 - distance of object or image from imaging lens (window) (Appendix IV only) 

SL — Streamline Number 

T — total temperature, °R 

t — static temperature, °R 

t — displacement vector (Appendix III only) 

U(r) - field amplitude (Appendix III only) 

U — rotor speed, ft/sec 

V - air velocity, ft/s ec 

V — fringe visibility (Appendix III only) 

Vm — meridional velocity (Vr^ + Vz^) ft/sec 

W - weight flow, lb m /sec 
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a - 
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6 ° 
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? 
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J'MEAS- 

P 

0 X’°y ,0 z ’ 
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coordinate system used in optical analysis of holograms 

angle between deflected central ray and y - z plane (refer to Figure 38) 

absolute air angle, cot'* (Vm/Vg), degrees 

angle between deflected central ray and x • z plane (refer to Figure 37) 
(Appendix III only) 

relative air angle, cot' 1 (Vm/Vg), degrees 
ratio of specific heats for air, 1.4 
air turning angle, degrees 

ratio of inlet total pressure to standard pressure of 21 16.22 lb s/ft ^ 

deviation angle, angle between exit air direction and tangent to blade mean 
camber line at trailing edge, degrees 

angle between tangent to streamline projected on meridional plane and axial 
direction, degrees 

small orthogonal addition to the light propagation vector 
axial coordinate defined in Appendix VI 
efficiency, % (listed r? a( j, Table 5) 

viewing angle measured between plane of window and line of sight (refer to 
Figure 23, Appendix IV) 

angle between the line of sight and the X-axis 

ratio of inlet total temperature to standard temperature of 51 8.6°R 

wavelength of light 

Mach angle, sin** (1/M ) 

corrected Mach angle, according to Eq. (3) 

upstream diode angle as measured from hologram 

mass density, lb m /ft^ 

standard deviations (Appendix V only) 

solidity, ratio of chord to spacing 
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a 


shock surface (Appendix III only) 


<p (k,r) - phase of wave vector 

$ - angle between line of sight through feature of interest and line of sight through 

origin of (x,y,z) system (Refer to Figure 41) 

$ - angle between y-axis and line of sight through image or object (Refer to Figure 

41) 

w — total pressure loss coefficient (labelled loss coefficient, Table 5) 

w — angular velocity of rotor, radians/sec 

w - angular aperture of viewing system (Appendix III only) 

H - aperture function 

Superscripts: 

' - relative to moving blades 

• - designates blade metal angle 

0 — degrees of arc 

Subscripts: 

ad - adiabatic 

p - polytropic or profile 

r - radial direction 

meas. - measured quantity from holographic data 

m — meridional direction (in z-r plane) 

1 

x,y,z — coordinate directions used in optical analysis of holograms j 

s — suction surface \ 

6 - tangential direction j 

0 — plenum chamber stagnation value j 

1 1 - instrumentation plane upstream of rotor | 

- station at rotor leading edge j 
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14 


station at rotor trailing edge 


1 5 - station at stator leading edge 

1 6 - station at stator trailing edge 

1 7 - instrument plane downstream of stator 
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APPENDIX 1-b 


PERFORMANCE PARAMETERS 


a) Relative total temperature 


T 13 = *13 ['+ — ,J ~ (Mj 3 ) 2 


’(wr 14 ) 2 - (wr 13 ) 2 


Tj4 ~ Tj 3 + 


b) incidence angle based on mean camber line 


im*0'l3*0' 13 


*m = ^15 -^*15 


c) Deviation 


® 14*P 14 

*° ^16-0*16 


d) Diffusion factor 


D * 1 - -ii + r 14 V fll4- r 13 V ei3 

V 1 3 < r 14 + r 13 )a V ' 13 


D - 1 - 


r 15 V 015* r 16 V 016 


( f 15 + r ,6> aV 15 
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e) Loss coefficient 



U) = 


p 15*Pl5 

0 Loss parameter 

cJ cos 0 j 4 

2a 

S5cos0 16 

2o 


(rotor) 


(stator) 


(rotor) 


(stator) 


g) Polytropic efficiency 
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Adiabatic efficiency 
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APPENDIX II 

BLADE-ELEMENT AND OVERALL PERFORMANCE WITH 
UNIFORM INLET FLOW 
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NOTES (TABLE 5 



% DESIGN 

CODE 

SPEED 

50 

50 

70 

70 

80 

80 

95 

95 

10 

100 

15 

105 


SL 

% SPAN OF 
DESIGN STREAM- 
LINES AT ROTOR 
TRAILING EDGE 

ROTOR DIAMETERS 
(INCHES) 

INLET | EXIT 

1 

5 (HUB) 

17.73 

20.76 

2 

10 

18.81 

21.34 

3 

15 

19.84 

21.93 

4 

30 

22.65 

23.705 

5 

50 

26.03 

26.09 

6 

60 

27.66 

27.275 

7 

65 

28.425 

27.91 

8 

70 

29.17 

28.52 

9 

85 

31.3 

30.26 

E3 

90 

32.01 

30.86 

E 

95 (TIP) 

32.63 

31.45 


STATOR DIAMETERS 
(INCHES) 

INLET EXIT 

21.37 22.53 

21.88 22.92 

22.4 23.31 

24.0 24.58 

26.16 26.33 

~2T22 27.20 

27.29 27.65 

28.33 28.09 

29.86 29.32 

3038 29.73 

30.87 


30.09 
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TABLE 6.2 : BLADE ELEMENT AND OVERALL PERFORMANCE WITH UNIFORM INLET 


» «h 


••°0"« n N Nh « 

N » 0 **+.** «•" « « » Ml 
I I • *1 UI Ml « I* *•»•**** ** 
E » ••■••••••*• 


W •«•»«□«»#>* JJiA 

0 m j n,n P>> 

1 i oOo"»-m 


wi w »»•«•••«•• i 
u£.-P»*»BI 0 IOOO-~~ 


n C W Q**HBqO» wQn 

-•"•^IO^mNnQ *Y p •••#•••*»•* 

% pn 2~ , '*iS»* 0 2"* fu < 2 * £ — m k i# ** a *- m 

* ** » « *2 J* £ 2 ♦ JJJ * * h g 

< U j» W«lNNi«Of «« o ►. W a m ^ * *■, a * * 

Or*,*#i~a’'»«-Pii'*<NM»** £4 • Mi«t«i«£*.K|*«2 

*- • • • i i • i i i • i i. vt inin»* So 


* ^ *f 7 7TT°2**^ #W — 

• i * * i i 

7 « O * Ml * • « ■* Q « O * 


• t» « * — 


& i. ••••••• 


3 k. p. p» m «n • «i *» a • *- pi 

• f-kl^»»#< l, oQ»*-'NM «c . "vvmi^nxh* 






5* 2* 2 •" *2 ** 2 •» 7 "• » 7 m ** 5 * 2 * * a * S " 2 5* * «• <* ** ■£ £ 2*' » » • a.w*~» 

2 ••••••••••• J 2 ••••*•••••• i 


th>-a* , ««Mi#i««v M o 

O •• ** ** «* m ** n ** •* * ue«)««i 

• 01 £ im jj » J * «£ g *■ ** •- 


i »**-«\*« ,n w*2»**»*' 

BC9#« *»*»*•**» 

ui i n*M«tfiMw N tnfi 

o » 

m « oOo-nmWkiNnn 

ui o a © a © o © o © © o vimoOouooooooo 

My * • *•*•'•*' « OQt**«t»<t*t* 


o » j#w# •*• c» •- «r 

««mi**i»0||m»*’o -- mi** < u u m 

utl« M *^nO«90n OMyQ«Mnna«««o" >w 0 • 

IM 0 |flMM 0 M*K n OM *•■•»• ■«»•»*»* u X N 

• <^0^0, © »■> 

_J 

u u t ^«o«m^nwo0 w 

ui * ** o *»i ^ «• ^ p* w M *» I w Ml 

UO00O e O fi O°OO tfc M n *fln«0|rtOe* , k <J • 

••5 ••••••••• •• » »••••*••*»*' «k««*w 

« Vt O ••*••»••••• y H • 

t: ~ 

y, — O •“ mi 

. _ - ^ «W f- 

• I ® M ■* a M ^ ® u ®* • • • I • 

i * » * * * m ** ** **i ^ m •* « 

i ^ O o • IB * •* ~ « *• * m U u 

Ik « ® 

I MN|flMiM0*aNN O*- Ui 


IkU • . • . •" 

k*.o»Mo^o»ow»«« 


~ rn|C> ***-«*• • I M 

» o ^ m J* * m « ** 9\ m ^ i 

• ••»•*••••• v 

tyMP)f>MVIVI»(» 0 MM 0 

yN^NM^MVIylSQM •.%.*•*•*•*•••• 


US N I VI 0 


•lO'ltl •#••••• 

hi X NM»oOM0OOOn 

o ' j 0 ^moOi'CJ»iww - 

ld«a«hOy«*MnU v» •- O o o o o o O o o O O 

miu •••••*'•• i • oe*'****'*'** 

I ft Mt « «U o — IV *u «. •• ^ «v» _J M. 

UI «> 

nu • •••*•••••• ua N MOoOoOoU M M 


I WI0 01 w# - mUm *«*u <•»*»*•••••••« 

0\N#»'w"nN««'«1» o 

» •> ( « I « I I I I I I • 

h. w ^•VN^N^mNIPM 

<■ — 00M««r 

U|»i* »h<i||h^«gif Ik. 

MW • • • • 1 • » * * » • I Nm«< n UmN n NN n 

i v)r0"w*M0 M «Mr o • 

f <M 

w ' r>o^w»NinMMMU 

U fy ^ — ^ m ^ m ^ |A ® ^ ^ § * m * ^ g 

U w ••• i •*♦•». ' Q Om^ui^mOo^^M 

X u w'"i»'nwKi(ft* * v 


I «I 0 «'W # P O » |( 1 M W M S 


» fiotMuroNjf 


t*«-**** 0 « 5 -*«BO * » * M t J»*NNO,-,M y. W « U«« 0 oOo> 00 ' X ® « * « U* O fe 

|sOntt«doQO*'00 * m»*W U w N N N N W N X M — X > • « ^ — • «• 10 IP ^ «y *u * « « « « Mpn^PP) 

» ^ •»» pi « p» » » # m M w p* « >Mpprp*»*p «*t a 

*" WnO|HOPmJ#0w» U> W WUMlTSMpMnOfk 

Up»t«wpq«Min 0 XwM« 0 -k«Penoo oj- «* umpn* wmPpmuw « w o is» o pi •* ^ ** o * •» •» 

^Ifcl* •••*•*•••• “ « • ' • * • • * • * * ' M* W « MhJ •**••«•••*• ««•.*•••••••• 

* % 2 m 2 m 2 ® 2* 2 2 ° •’W» W W N i« ,, P O* • » % Pf » *• Ml •• O pi •» m U» »U*«*»*ff •»•*« 


u »• M *u O • •* *»• © * m ^ o 2** Z ~ m 2 * 

My i « « » • i • i » • > * w m w p m tc m m f 

I MaMM^B^Uy M« M UiX « I • • • • • 


mnni * 




MB 0»M„M - Oi|«ll»* « ■ •• • • • • • ••• • 

m3 • « * • * • « * • * • ZttiB'BiBWP’PMM.'finin* 

^ yi PI M •• PI * m 5 ^ « w 


hj O PI iw ru „ I I < - ~ - a 

i t i 

2 * 

I 0 *B 0 P"»» 20 ,, *P W W« 


MB —m •» M * •» *»IU *• »• Ml U B f • « * • * • • • • • 
*»#••••••••••• ■•W ,I, W*BB*II»*«" 

kyPpOPN^OuPUp Hy 


k I | m m M M M 

. 7 i » 7 


ob«0'b »*#►»"« 6 Ui2*°o* n Mi4r«viir>«i 

«W • • •• •• *• •• • » y 0 fl"B Bp M M W 0 y 

I PWP0M»^k"NPfiCl wB**'* f i«*4ti 

*kO» w ^*P n U^h'* OmOoVk 0QO0 0MM 

Mp^pyByBylTpir y mm m m mm 

u a 

m uip. 2 2* 1 S M 2"* S s 2 “2*2* *^2~22 *b 

» wmi *Jb *u 5#» Jb N m m •* i« o M •• « •! «t • r» v 

KBB»Oy *y«B - M* U • •••»•»•*•■• 

VI W • • * • • • •• •• • XMMfWPlMlBlMPXPIBI^M 

I Wf * •(» t «m N|| W M W > I * I I I » » I « p* 

Ui o « • • • 1 O I 

? *u — 2 2«* 2 — 2 w 2 ’“•IS *• 2 * 2 m 2 *• * 2 *• 

• wt •Opjag#;** m ui w • # im « mi • « Mil# m 

HBB**ir**^|| 0 pP u « • • • •• 9 • • • • • 

M tt ♦ • • • • • •• •• * M 0 BpBpO»MpNM« 

iykf -*N«I «» «# ► MU I « * l — l » I mmm 

UOnI^m • » -m" O • III 

I l I 

^ pNP*«aP a #o«* -I *>• fM • u* Mi M* rn m a «- 


\ > ■ <■ 



I v 


mm ** m ** w •> t o * *i «. 

»,w «* 

m ' _ • *J o ft cm "mi * «n^ «u 

I w O "« n N“^* n K •W<** < *(*> i «* 

** «• 94 a * ** m 94 *• m m v* cm ** m +* *>. «* ft * • » ft 

»» * * ft m *C *» ft <P « » w* - 

> j ••••••■•••• i*. i t < i i i i i, t i i 

.. _ '■U#**MnMMN|Atf tfN 

A »!«••••••••••• 

g °«M * W#»#MON-*lO| fc M 


o **■ •* ** *. ft yt w a O • ps 
W .w ••••••*•••• 

o Nv) « n « nNr , «-• m « m — 

® ^ •** j®jg2*' n,h " 


w u *tn K m”-N m i«j N 

3s^Min#r w «o*-# 


Ny a VM # * cm *“ cm *• m *■ 
i ft . * • • . • ■ . •• • 

Bi W(g*<Ki 

**••••••••••• 

7£"S»" 0 *£ , *2«i 
si"2* : 2’ : “2" •"!• 
tssggssssarss 
** •• •* •• 

» v, M l, M M n! N S« c ll!* 


^ W 10 N |A yl M 4 ft ft. 

xi • — 2 •*■ 2 *■ ** ** * 2 • Kt; «t toMMimvwtA 

m pm. » ft " m to «• *• «■ ft «• ft M P • a * •* •*.»* *■»**• »• 


v #tniAN *« ^Mio 
O n *• c* ft m *. *t«i n«* n n 
Xk.*M*i*tn*ft «*«*«« 


F? ^**nN|| 0 i< ,« 0|| 
J « • I • » ♦ I * * • • • 
O M ft Q — 


X ^M-w*0W4in«n w»nOo r «N'*M^Ktj 

*7 •- -- 

2 • • • • • ^ 

H,^ ai o e n- ffl « l ;M 4 ;o 
•• 2: **■ JC ft •• #m O m « m m m •. «. 

* Ck ** M ® ® f*| *M W |U 

X m a 91 •» P% o ¥» M » M m 

••••••••••• m O^m^NNOt^^tf 

wA*ft-ftm™ftft« 0 _ • . • . . • . • ' • 

NU J »•••••••*• 

» — oC'Aft 

• am«f f «Himioio«i^ 

W A. «* »* ft cm B# 0« A 

O * JnNq MBMJf #"0* 

w o p o a o o o o o a o fi20°oOoo® q®qo 

» m -* *- i i 

-s 

o i Jm;««ww|»»o*« m u«-q 

J*#*'*# W(i«o B HQO « wfc • 

Nu « ••’••«'• • WOqOqO^ JJnJJn^n M %vt v 

i M^i|inai«* n f<. tfl N« | K >•» •*•*••••*,• u t n 

* u m»<* *«•,_*• a* «. - . 

ft I U #1 

UUQOoOOOoOOo * Ik W • 

«u * i '•*••.*• . * y I* * 

I M O «•»**••»••• U M • 

• % 

A M. CM 

•fc 1 NOM Omm. # *» M C O — |A 

u»^~. r«- «w o 

M y • . •*• • •* • • *! B • CM • fM JI * **» * S _? ' MM i 

* 2 *g * ® C*I m m*< CM w Ik w s 

Ik - CM 

« "l^f O ** M 

«■»*»*•» *0 **#M i ~ *?•* IN !!»•?* • k. ^ CM 

m y t $*g # 9 *k**A > *•§*#§•»•*♦ % y yt 

| tf»«K HgfAgB trip! O 0 * *J 

• ^ 222 a r:~ 2 :*'* 2 £ 2*' 1 5 nWwwnnWnWwn *,*♦ « 

VM^MnciOnn^fiMn «e 

lk 

Iuw* 0^8 , '[n , Jo* o •■* CM 

• “*2 •" m m — • " •* 22^ 2* m S** 2 — * * **► * •* ** •• 

•'S n S # m"I° 25 n -him m * o* • 

0*#*k**9*0**W MOAtlOta^Wk^if* 

-«•••••“•*••• fwS**c5 AmSo 9 »S! •» 

• M S^ 2o w « ■'*** !“* • • • • • • • • • • • 

• ' 2 ° 2 »*i^ 22 » *»•*» +m »f*»«* «»s *■ m • 

► N« M n no M y 

«*• A 

** ^ C * 2** r** 82»» _w^2«2«»»f 

H * ** 9 *M **«» I * * ♦ l l • | » l • 

v> 3 • • • • • • • * • i» Si«okB«t* a tf «w 

•* 52 £»• 2 W *•* *• m -m « w 

uO m n cm p. « • « mm*, O 

7 “S- 2~ 2^ 2^ 22« 2**2*2"2 

• hi ©•% 2 W • •• 2 CM •• g A w W»**m"OmBo ••« 

M«**S*O e M**»***« lift » ••••** i * • • 

JA • 2 •**••••*• • itnf»»hk^«»t» 

ft hi 2 m g •» ?• ©*m *“ •• hw 

wo w w« * i ^mi 777 41 

1 ! T • 1 ; f : I I 


I “m "k" — 

»* Si «n 9 > * cr 7 7 » k. VI ft s O ^ CM m mi 0 B «y 0 

® kU » * » » « 

M. *-k 0 k N lfl w * # 9M 0 

CM ft S • CM «k s #| ft O M W « ft S ft • • ft • ft ft ft 

i »*,Dq** y, 

x -ft ftftftftftmftg cr 2 ® n “ ,, *“ , * 0 22 k 

NM««M«r ciBCi«Mk 
fttfiftftftftftftftftft 
UCJ^MCnCmCI#" a. 4 . ••••••••••* 

I JiciftfticM^-^in^ft 

U ft O M ft -• *M M. O ft £ ft *M 


ft omc-mmOci# m„ 


y BM *40 W ClQMftM lAkOoOOBaaO® Oo 

My ♦ * * I *.•••* • O O * • *• ■•••••• 

I ftftftfttfl^ftftftftftO J M 


Oftft«M^fta*Mft>«ftft 

NW i * ••'•*• *•* 

I VI -• 

#\M W t»NM"MffCI 
» k I I I I 1 I * | I | 1 


i ^kyfiQftiawciuOii) 

««Oo»>Nf CllPjICtk 

«i-ftlMftlO»*ft9-'«ft 

wfl»;MOoOo®o ,, "M 


U9 ftOft ft o ft o*; » *2 »k -Ml ft « ft B ft CM 

I ft ft ft ft CM ft *. ft ft ft B ft O •••••••••*• 

• ■% ft cm o *k ft ft c m m " « 

» «- ft ft ft » * * * m m m * ** 

ft I ft Ml ft ft CM *M « 9 CM ft ft 

**»• _ , » ,M ^k w •_ * _ • * _ • 

n y • * 4 •* • * • •• • o ^*»in w »4ftk«»„ 

* ft CM ft ft O " ft ^ ft Z • ^ * ft ft ft Id ft ft » * ft • ft 

X^ftft^CMftftftcMftsft B 

5 *. b ft ft ft ft ft ft ft * • * 

Ik mm 

_ I ftftftftftftftCkftftkl 

U «. ft o M CM m CM 0 Pk ft ft ft ft O O O m CM m CM CM „ 

My •• • •• * * • J • * • •♦***.«•••. 

♦ Id •• 2 o 2 ft 7 ft 2 • — 9 ft M ft r. • IB ft ft I? 2* CM 

*'ft2r h - w x ft ft ft ft ft m ft Ml *•* ft CM 

» m» wv »d ft jr ft ft ft » ft *»i ft a 


U«mO||mqNo«C 


Uk«^k 0 «|B M a t J 1 y»«kCJMk »kkM*. 

cm ly • * * • * * • J • mm *•'•*•*• * * « 

1 M "52 W C*!3 H 2’* , 2 x • ** ft 2 ° 2 ft I ° £ S *• 

• ^ ft £ 2^ £ ft £ 2 • £ *• *m » * ft «* ft • » •<* ft *** 

•• m ft ft* ft*! ft « * » * a 

<k 

oo ft ft m •• *"s o cm ft yj ft m ~m o •« •» »> 

" u • ••*•*••••• *y c*y Ow«0 ••ydK’ii 

I y 4 • I • I • • t * • C • 

» ^ • ft ft s ft * •?« ft • • a m o m * m O m — a ft «•*» 

kkMC 00 |* 0 ||»lliCi y «M «•„ 


1 **— 22 2ft £ m °ft £“* 2 *y ,k w®# # «"9 WB, ci 

l 9 • • ll • • » « • I c SO < I CS» M. CM CM m 

kMftftftm i mw i 

4 O « I C ) t o 





-. ! '.'v*r- .j?J 


HCOHA «C0»» 10/10 AO/AO CFf-IO FFF-P 

ZULU INLC1 IMtri IlliCr ZMLC1 ULCt 

oph itft/scc t t 

im. I Oi*i? 1.1920 1.1973 »0.A3 ll.U 



TABLE 6.4: BLADE ELEMENT AND OVERALL PERFORMANCE WITH UNIFORM INLET 
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II, 177*79 1.2715 1 . 96^3 76.18 60.12 


TABLE 6.5 : BLADE ELEMENT AND OVERALL PERFORMANCE WITH UNIFORM INLET 
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APPENDIX III 


THEORY OF HOLOGRAPHIC FLOW VISUALIZATION 
A. Introduction 

The method of holography first described by Gabor in 1948 (16) and subsequently developed 
by Leith and Upatnieks (17), Stroke (18), and many others is finding increasingly widespread 
application to practical engineering problems. 

The conventional methods like the shadowgraph, the Toepler schlieren, and the Mach- 
Zehnder interferometer for the observation of compressible gas flow are based on the prin- 
ciple that variations in gas density are accompanied by variations in index of refraction which 
modify light wavefronts traversing the gas. The various visualization techniques employ dif- 
ferent means by which the modifications of the light wavefronts are made visible as intensity 
variations on a screen or photographic plate. In conventional visualization methods the 
illuminating light beam is monodirectional; consequently properties of the flow field are 
averaged along one particular light path direction, and the results are interpretable only when 
the flow is two-dimensional. The essential requiremc \ for three-dimensional flow visualiza- 
tion is illumination from a multiplicity of directions. With holography, this can be achieved 
in a variety of ways (Refs. 19-3 1 ). 

One principal property of holography is its ability to store and reconstruct both the ampli- 
tude and phase of light wavefronts of almost arbitrary complexity. Because of this property 
alone, holography can be employed for intermediate storage of the wavefronts which traverse 
a phase object (i.e., a transparent medium with spatial variations in refractive index). Subse- 
quent visualization can then be accomplished using the holographically reconstructed image 
of the phase object rather than the object itself. This approach offers numerous operational 
advantages since a hologram can be made of a transient event, with visualization accomplished 
later at leisure. 

A second property of holography which opens some entirely new flow visualization 
possibilities is its ability to record wavefronts at different times and reconstruct them simul- 
taneously. Since both amplitude and phase information is recorded, reconstructions of wave- 
fronts which differ in phase, produce interferograms. One extremely important practia l 
result of this second property of holography is that it eliminates the need for the precise op- 
tics used in interferometry. One hologram can be made to record an arbitrary wavefront 
traversing a flow test region before the flow is started, and a second exposure can be made 
with flow present. The resulting double-exposure hologram can then be used to reconstruct 
both wavefronts simultaneously, producing an interferogram that displays only the difference 
between the two wavefronts. Since only the differences are significant, any imperfection in 
the original wavefront recorded without flow is of no consequence. 

The above property of holography, in conjunction with the exception 1 coherence of laser 
light, also provides the prerequisites for three-dimensional flow visualization, since it makes 
possible wide-angle diffuse illumination of a flow region. The traversing wavefronts, though 
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exceedingly complex, can be holographically stored and used to produce interferograms. 

The fringes in such holographic interferograms are generally highly localized; consequently, 
they usually yield qualitative three-dimensional information when directly observed. In 
addition, quantitative information on the three-dimensional density distribution in the flow 
can be obtained provided the angle of view approaches 180° (Ref. 12). The hologram can be 
used to obtain a series of interferograms of the test region from a large number of directions. 
Each is comparable to a single interferogram obtained from Mach-Zehnder interferometer and 
gives the density distribution averaged over one particular light path. In the present program, 
a narrow field of view was used due to practical limits on window size, and consequently, it 
was not possible to obtain three-dimensional density distributions. It was possible, however, 
to locate the position of density gradients associated with shocks. 

B. Interpretation A Fringes in Holographic Interferometry of Gas Flows 

To utilize holographic interferometry for the study of gas density distributions, it is neces- 
sary to understand how the interference fringes observed in reconstructed images are related 
to the changes in density which occurred in the test region. The theory of holographic inter- 
ferometry has evolved rapidly over the past few years and there is now a reasonably complete 
explanation for generalized displacement and deformation of diffuse reflecting surfaces. The 
theory has not yet, however, been extended to include phase objects such as gas density 
variations, which are the primary phenomena of interest in flow visualization. To provide a 
basis for describing the method of analysis used in this program and to explain the primary 
optical effects observed, the extension of present theory to include phase objects will be 
briefly described. 

The basis for our analytical procedure can be explained by reference to Figure 34, which 
shows a simplified diagram of tiie reconstruction of a hologram of the flow test region and a 
recording of the reconstructed scene at the film plane of the camera lens. For simplicity, the 
reference beam illuminating the hologram is not shown. It is assumed that the hologram 
perfectly reconstructs the light field emanating from the scene. The camera is shown focused 
on the plane containing the point P in the test object. 

If two exposures have been made, between which some relatively small changes in the scene 
occur, then the photograph obtained at plane F will contain an image of the scene in which 
interference fringes are observed, as in Figure 35. For the purpose of flow visualization we 
need to know how these fringes are related to changes in density of the gas in the test region. 
The pertinent properties of the fringes are: 

1 ) The fringe number and spatial frequency. 

2) The fringe visibility or contrast. 

3) The fringe location in three-dimensional space. 

1. Homologous Rays 

Consider the central ray of the image-forming bundle which originates at the point Sj on 
the diffuse background, Figure 36, passes through the object point P, then the center of the 
aperture 0j and terminates at the point P* in the film plane. On the second exposure this 
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same ray might be deflected due to the phase object, i.e. density variation in the test section, 
so that its path is as shown in Figure 36, that is S|0 2 . A general principle of holographic 
interferometry is that interference fringes of good visibility will be observed in the recon- 
structed scene only if the imuge-forming rays are homologous. By definition, (Ref. 32), 
pairs of homologous rays must originate at precisely the same point on the diffuser surface 
and must terminate at either the same point in the film plane or at a point close enough 
to pl so that the optical fields in the immediate vicinity of pi are homologous. Homologous 
fields are locally congruent in the sense that the apparent intensity of the two fields is virtually 
the same except fora small displacement. 


That is, i 2 (r') s 


(III-l) 

where i 2 (r ') 

= Intensity in first optical field near P^ 


i] (r ') 

= Intensity in second optical field near P^ 


to' 

= A small displacement 



In Figure 36, the camera could be focused on any plane in the object but the ray pairs 
terminating at P^ will not be homologous unless the camera is focused near P, the crossing 
point or point of closest approach of the original central ray Sj Oj P* , ana the apparent 
path of the deflected ray S 2 0 2 P* • In this case the fringes would have the greatest visibility 
near P in the object. 


2. Superposition of Plane Waves 

In order to describe the interference phenomena in more detail, it is convenient tc represent 
the optical fields as superposition of plane waves. The field intensity at P^ is produced by a 
field amplitude Uj (r) at P, and a second field U 2 (r), the apparent field at r on the second 
exposure. 


2 

i (r ) = IUj (r ) + U 2 (r ) I 

The fields can be represented by a superposition of plane waves 


Uj (r ) = 


// 


12 (k , r) N j (k , r) exp (i k • r ) dk 


(III-2) 

(III-3) 


U 2 (r ) = 


If 


12 (k , r) N 2 (k , r) exp (ik 


•r)dk 


where Ni (k, r ). N 2 (k , r) are the plane wave spectra for the initial and final field 
at r and 12 (k , r) is the aperture function defined as 


( 1 for propagation directions within the 
collecting aperture 
0 otherwise 
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and where the two angular spectra are related (Ref. 33) as follows: 


N 2 (k) = N j (k) exp [ i <f> (k, r)) (HI-4) 

For small numerical apertures the ve^or k can be represented by its central value plus a 
small orthogonal difference vector, (k). 

k = k o + K (1II-5) 

The alteration of the plane wave spectrum by the phase object is predominantly described 
by phase change along the central ray and the rotation of the entire plane wave spectrum 
(Figure 37). 


0 ( k > r ) ( k o’ r o> ^r ^ k o > Ak o> ^o’ 


t) + A <t> (k 0 , k, r Q , t) 


(III-6) 


where 


*o ^ k o« r o> 


= phase change along the central ray thru r Q 


<P T (k 0 , Ak Q , r Q , t) = phase change due to rotation of the apparent ray 

through the angles a, / 3 


A <t> (k 0 , k, r Q , t) 


r 


= phase effects which vary with direction from the 
central ray k and distance from the position r 0 


Each of these terms has significance with respect to the observed fringe system. The first 
term <t> 0 (k 0> r Q ) is the phase difference along the central ray path. 


2w 

^o ^o’ r o^ — 



t n 2 (r ) - nj (r )] dfi 


(1II-7) 


where £ is the path of the central ray through the phase object and nj and n 2 are the index 
of refraction spatial distributions at the time of the first and second exposures. 

Using equation (III-7), quantitative three-dimensional density distributions can be determined 
from a series of interferograms taken from a single hologram. Methods have been devised 
for solving the set of simultaneous integral equations which result, and an example of the 
analysis of an unsymmetric flame by one such method is given in Reference 1 2. This 
technique can be used only if a field of view approaching 180° is available. For cases in 
which the field of view is restricted, information on the spatial locauon of fringes can be 
obtained by using perspective and depth-of-focus effects. 

The second term in equation (111-6) describes the phase effects due to rotation of the plane 
wave spectrum and is related to index of refraction gradients transverse to the line of sight. 
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» Ak 0 t 


2ir 


(at x +0t y ) 


(IH-8) 



0 r (^O* r 0’ ^ 


where a is the angle of the deflected central ray with respect to the ZY plane and P is the 
angle with respect to the XZ plane. This term is the major factor in determining the fringe 
orientation and frequency in the neighborhood of r: 


a and P are calculated in the same way as in Schlieren photography, i.e.: 


a = 


p* 


/■ 

S 

h 


5 (n 2 - nj) 


6 x 


8 (n 2 -nj) 


5y 


d£ 


dC 


(III-9) 


The remaining term, A<p, describes the effects of the plane wave spectrum which differ for 
different propagation directions k and with position t in ways more complicated than the 
common phase change and rotation accounted for in equations III-7 and III-8. Treating these 
two effects separately: 


A<j> = 8 0 ^ + 80 ^ 


(III- 10) 


where the magnitude of 50^ depends on the complexity of the phase object and the size of 
the collecting aperture. If phase changes along the cone of directions within the collection 
aperture vary rapidly from the central value, then phase relationships will become garbled 
at P* . This effect increases as the aperture is increased, which reduces the visibility of the 
observed fringes, the visibility decreasing as the aperture and thus the maximum value of k 
increases. 


The magnitude of 80 t depends on the variation of the plane wave spectrum with position, 
and the distance (t Q ) of the closest point of approach of the pairs of homologous rays. Since 
the angular range of the planewave spectrum is controlled by the size of the aperture, the 
magnitude of 50 t Iso increases with aperture. Again, as 50 t increases, the visibility of the 
observed fringes decreases. 


If the phase object is relatively simple so that 50^ is small, the fringe visibility will depend 
only on 60 t and will be approximately* 


2 J i l 4 y - I 0 

V = 1 * 


(III-ll) 


(4»/X) t 0 w 
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where V = C*max. * W^rnax. + ‘ min.) = Visibility 

Jj = 1st order Bessel function 

t Q = closest point of approach of the homologous rays 

at P 

« * angular aperture of the viewing system = k max. 

Ik'i 

• This is a consequence of the Van C'ttert-Zemike theory and is discussed in Reference 34 
for deformation of real objects. 


C. Localization Problems 
1. Localization by Depth of Field 


From the previous discussion it can be seen that the phase, </>, or fringe number observed at 
any point P* in the film plane depends primarily on the change in optical path along the 
central ray through the observing aperture which terminates at P* . The fringes will tend 
to be localized near the region of intersection of the homologous rays terminating at P* . If 
the density change is itself localized and produces significant angular deflections, then the 
fringes and the phase object will be located in the same place. 


In order to locate the object in depth it should be possible to use a large aperture viewing 
system (i.e., with shallow depth of field) and focus on the plane which yields maximum 
visibility fringes. It is found that this approach generally will not work well for the following 
reasons: 


a) Pronounced depth of focus effects will not be observed unless th angular deflections are 
relatively large. If angular deflections are small, as in Figure 37, homologous rays can 
remain close over the entire path from the source to the film plane, with no definite 
point of closest approach. 

b) If angular deflections are large, localization by depth of field is possible. Unfortunately, 
the improvement in fringe visibility expected by focusing on the plane containing the 
region of closest approach (P| P 2 . Figure 37) is more than offset by the reduction in 
visibility due to use of the large aperture required to achieve a shallow depth of field. 

2. Localization of Fringes by Triangulation 

An alternative to the use of a shallow depth of field viewing system for localization is to view 
the scene from two or more different directions using an optical system of small enough 
aperture to show good visibility fringes and at the same time having the coordinate lines of 
a grid system placed elsewhere in the scene. The spatial location of observed structures can 
then be obtained by measuring their apparent displacement with respect to the grid when 
observed from two directions. This technique is used in the present program and described 
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in detail in Appendix IV. Again, the fringes will tend to be localized near the intersection of 
homologous rays. For isolated density changes, therefore, the fringes will be located in the 
region of density change. This is the case in the holographic interferogram shown in Figure 
35, for example. 

For the case of a general density change distributed through space, fringes can exist anywhere 
but their location in space is not simply related to the position of the density changes which 
produce them. In this latter case it is still frequently possible to locate by triangulation re- 
gions in which abrupt changes in density occur. 

3. Localization of Regions of Abrupt Density Change by Triangulation 

Figure 38 illustrates the recr ding of a scene with the camera at two different locations. The 
line a represents a simplified shock surface marking a density change, n Q -*■ n j . With the 
camera in position A, by the principles previously discussed, we should expect an abrupt 
change in fringe frequency from one side to the other of point P^». Similarly, with the 
camera in position B an abrupt change in fringe frequency occurs at Pg>. Thus, though the 
fringes themselves may not be localized in the shock plane at the tip of the blade, the ob- 
served discontinuity in fringe frequency is determined by triangulation to be at that location. 

This statement is made assuming that the region in which the density or index of refraction 
change has occurred is confined to a ;elatively narrow sheet of space as seen from the view- 
ing direction. This holds, for example, in the case of shock waves which have traveled only 
a small distance between exposures and can be viewed separately; i.e., without the line of 
sight passing through more than a single strong shock front. If these conditions are met, 
then all sharp discontinuities in density can be localized. This has been the basis for the 
analysis discussed in Appendix IV. 

4. Summary of Optical Effects 

1 . The phase change at any point P ^ in the film plane is determined by the change in 
optical path along the central ray terminating at that point (Eq. III-7). 

2. The spatial fringe frequency in the neighborhood of P* depends on the angular deflec- 
tion of the central ray, which in turn is due to the gradient of the index of refraction 
transverse to the central ray (Eq. III-9). 

3. The visibility of the observed fringes is best when the camera is focused near the point 
of intersection of homologous rays which may be located where the density gradient 
exists in simple objects. However, it can, in general, be located anywhere in space 
(Eq. III-ll). 

4. The visibility of the fringes decreases with increasing aperture of the viewing system 
(Eq. II1-1 1 ). This effect is enhanced if the phase object is complex. 
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APPENDIX !V 


DETERMINATION OF THE VIEWING PARAMETERS AND THE DERIVATION OF THE 

TRIANGULATION EQUATIONS 

A. Methods for Determining Viewing Parameters (0 X y, 0y Z , and C) 

Photographs taken of a hologram correspond to photos taken directly of the fan rig from 
positions approximated in Figure 39. The angle at which the origin is viewed in a particular 
photo was determined, 0 yz in the Y-Z and 0 /v in the X-Y plane independently, from the 
relative positions of the window grid with respect to the hub grid. This was accomplished 
by carefully measuring the position on the hub giid up m which the origin of the window 
grid had been superimposed, as seen in the photo in question. The angle between the Y- 
axis and the line connecting the point on the hub with the origin on the window was then 
determined by plotting these points on scale drawings of the fan rig. Scale drawings of the 
fan rig in the X-Y plane, Figure 40, and the Y-Z plane, Figure 21, were used to obtain the 
angles 0 X y and 0y Z , respectively for five sets of photographs taken of each hologram at 
different viewing angles. 

Also determined for each set of photographs was the distance, C, from the camera lens to 
the origin of the coordinate system, i.e., the window. By measuring the relative sizes of the 
two grid systems in the photographic image and using the known distance from the window 
to the hub, the distance C was calculated. This avoids the necessity of correcting for the wave- 
length difference between the ruby and HeNe lasers. Also, the distance from the holographic 
plate to the rig window was not accurately measured before the holocamera was removed from 
the test stand. The distance, d, between the grids was accurately known in both the X-Y and 
the Y-Z planes and, therefore, the distance between the camera and the window was calculated 
from the ratio (see Figure 39): 

Cyz 

a z ^yz + ^yz) 


where: 

b z is the distance in the direction of the Z-axis between two points associated with two 
lines of sight on the viewing window. 

a z is the distance in the direction of the Z-axis between two points (corresponding to the 
two lines of sight) on the hub. 

G,, is the distance, in the YZ plane, between the point of observation and the rig window. 
d„, is the distance, in the YZ plane, between the window and the hub. 

Therefore, fv,r the component of C in the Y-Z plane: 
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(a z - b z ) 

This measurement should be obtained for the Y-Z plane first, because no correction for win- 
dow curvature is made in this plane. The total value of C is then obtained from the relationship: 

C = C yz /cos (90° 

By the same reasoning: C 

B. Determination of the Common Point Coordinate Positions 


-V= 


^yz 
sin 0 


xy 


'xy 


sin 6 


yz 


The procedure for locating common points in two different photographs involves locating 
discontinuities in the fringe frequency, as discussed in Appendix III, Section C.3. A point 
on a line of fringe frequency discontinuity identified in any one photograph can then be 
located in any other photograph in which the fringe frequency discontinuity can be seen, 

J nowing the relative change in viewing angles between the two photographs. Once the point 
has been located in both photographs, the (X Q , Z Q ) coordinate position on the window grid 
system can be measured in each photograph. This procedure is demonstrated in Appendix V. 


C. Derivation of the Triangulation Equations 


Refer to Figure 41 for the following derivation. A general equation for the projection of a 
straight line on the Y-Z plane is: 

IV-1 


y = m (Z - Z Q ) 

where m is the slope of the line and Z Q is the Z axis intercept of the line. The slope m, can 
be written 


m = tan 6 

where 6 is the angle between the line of sight and the Z-axis. As can be seen in Figure 41, 

0 = + 0 , where 4*^ is the angle between the line of sight passing through the feature 

of interest and the line of sight passing through the origin. For a small 4*^ and for values of 
<?yz close to 90°, 4^ can be determined by the expression 

*„ = tan ' 1 ( V c „> 

where Z 0 is the apparent position of the point of interest, as seen in the photo, measured 
along the z axis. It should also be clear that Z Q is the value of z axis intercept of the line of 
sight. Therefore, the equation corresponding to the projection on the Y-Z plane of the line 
of sight passing through a point of interest in the flow field can be expressed as in equation 
1, p. 14, by-substituting the values of 4> yi and 0^ into equation (IV-1 ). 
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Similarly, the equation for a projection of a line in the X-Y plane is 

, (IV-2) 

v = tan Q (X - X 0 ) 

where X Q is the X-axis intercept of the line of sight. However, the value of 6 'must be de- 
termined by using an extra step which corrects for the curvature of the window in the X-Y 
plane. 

The window is a negative lens, in the X-Y plane, with a focal length f given by the equation 
(Ref. 35). 


1/f = (n-1) (1/Rj - 1/R 2 ) 

where n = index of refraction of the window material; Rj , R 2 = radii of curvature of the 
two surfaces of the window. A value of n = 1.57 was useu for the index of refraction of 
polycarbonate plastic, and Rj = », R 2 = 16.5 inches were used as the values for the curva- 
ture of the window surfaces. These numbers give a value of f = -29 inches. 

A point located a distance sj from a lens with a focal length f will be imaged at a point 
located a distance S 2 from the lens, Figure 41 . The equation which describes this relation- 
ship can be written (Ref. 35). 

1 1 1 

+ = . 

sj s 2 f 

This equation can be used to correct the angular change produced by the window, in the 
line of sight passing through a point located at s j in the flow field, (Fig. 41 ). Clearly 

*o 

tan w\ ~ 

S 1 


X o 

tan 4*2 ~ 

s 2 

where is the angle between the Y-axis and the line of sight passing through sj, and ^ 2 
is the angle between the Y-axis and the apparent line of sight, as viewed from outside the 
window, which passes through the image at s 2 . Substituting for Sj and s 2 , where s 2 is con' 
sidered negative for a negative lens: 

1 1 

= (tan j — tan \jj 2 ) (IV-3) 

f *0 
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therefore: 


It can be seen that: 


And therefore: 


1 o 

^ J = tan' 1 {( ) + tan ^2 ] 


^ = 90° -0' 

, X o 

H = 90° ( d xy + 0) = 90° - [0^ + tan' 1 ( ) ] 

^"xy 


tan ^ j = cot (90° • \l/ j ) = cot (0') 

tan \^2 = cot (90° - ^ 2 ) = cot [ 0^ + tan' 1 ( — - — ) ] 

C xy 

Substituting for \p j and iij in equation (IV-3), 6' is given by: 

v X 

0' = cot' 1 [( — — ) + cot (0^ + tan' 1 ( — — ) ] 

* Scy 

Using the above equation to substitute for 0' in equation (IV-2) will result in equation 2, 
p. 14. Equations 1 and 2, p. 14, represent two planes whose intercept defines a line of sight 
passing through a point of interest in the flow field. Examples of the use of equations 1 and 
2 to determine the locations of points within a flow field are given in Appendix V. 
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APPENDIX V 


SAMPLE CALCULATIONS AND ERROR ANALYSIS 
A. Sample Calculations 

The following examples demonstrate the use of the procedures described in Appendix IV to 
determine the location of points on a shock wave surface. Two photographs from each of 
two holograms, one at 70% design speed and one at 100% design speed, were chosen as ex- 
amples because they demonstrate the use of the triangulation method for both types of fringe 
systems encountered in the holographic images. 

Figure 42 includes two photos taken of a hologram obtained at a 70% speed line from two 
viewing directions. The values of the viewing parameters for view A were: 


»xy =93.3" 

« y2 =■ 94.8" 

C = 1 3.9 inches 

and for view B the values were: 


^xy 

= 100.9° 

®yz 

= 95.0° 

C 

= 15.6 inches 


Lines forming the boundary between regions of the fringe system with differing fringe 
spacing have been identified by dotted lines. 

The task of identifying these reference lines in each photograph shown was easily done be- 
cause the fringe system has nearly the same appearance in both photographs. However, if a 
question arises concerning the identification of a reference line, it can be resolved by [ ng 
back to the hologram and viewing the image directly, and changing the viewing position in a 
manner similar to that done for the photos. The gradual change in appearance and position 
of a reference line can then be directly observed, clearing up questions concerning the identi- 
fication of a reference line on the photograph. 

The task of identifying identical points on a reference line as seen from two different view- 
ing angles was further simplified by changing the viewing angles only along lines parallel to 
either the X or Z axis. It can be seen that these two photos were both taken in almost the 
identical XY plane since the 0 yz values are nearly the same. It can, therefore, be assumed 
that the points which lie on the apparent edge of the mid-shock surface in view A, Figure 42a, 
will also appear to lie under a grid line parallel to the X-axis in view B, Figure 42b. 
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The values in inches of X Q and Z Q corresponding to the points marked by an (x) in photographs 
A and B (Figure 42) are: 

A: (X 0 ,Z 0 ) = (0.19, -1.0) 

B: (X Q ,Z 0 ) =(0.11, -1.0) 

When these values were inserted into equations 1 and 2, page 14, and the equations solved 
for (X, Y, Z) the following values were obtained: 

(X, Y, Z) = (0.25,-0.71,-0.99) 

Similarly for the point indicated by an 0 in the photographs; 

A: (X Q ,Z 0 ) =(-0.088,-1.0) 

B: (X Q ,Z 0 ) =(-0.389,-1.0) 


and, therefore: 


(X, Y, Z) = (0.05, -2.86, -0.97) 

Points® and 0 of Figure 42 are indicated in Figure 31a and c respectively. The procedure 
used to plot these points was given on page 1 5 . 

The appearance of the fringes in the hologram shown in Figure 43, hologram 21 , is different 
than that of the previous example and the identification of the common points in the two 
photographs is more difficult. Because a fringe system such as that seen in this hologram 
cannot be identified, each observable fringe must be used as a reference line. One such 
fringe is identified in the two photographs in Figure 43 by a dotted line. As stated pre- 
viously, problems in identifying the same feature from two viewing angles can usually be 
resolved by viewing the hologram directly. 

The values of the viewing parameters for photo A were: 

0 xy =87.5° 

6 yz = 90.35° 

C = 1 3.7 inches 

and for photo B the values were: 

0 xy =99.4° 

e yz =90.5° 

C =17.2 inches 
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A point on the dotted reference line has been identified by an®. After measuring the values 
of X Q and Z Q for the point in each photograph: 

A: (X 0 ,Z 0 )= (1.216,0.) 

B: (X 0 ,Z Q )= (0.582, 0.0) 
the following values of (X, Y, Z) were determined: 

(X. Y. Z) = (1.63,-4.74,0.03) 

This point has also been plotted in Figure 27c and identified by an®. 

B. Error Analysis 

The accuracy with which the position of a point on a shock wave can be determined is de- 
pendent primarily on three factors. 

1 . Accuracy of the triangulation method. 

The accuracy of the triangulation method was tested experimentally by checking the 
accuracy with which the position, within the flow passage of the fan rig, of a target 
could be determined using this method. A small cardboard strip with 2 small dots 
placed on the surface was used as the target for the measurements. The target was 
placed approximately three inches inside the window of the fan rig. Photographs of 
the target, taken through the window, were obtained from three viewing angles. The 
apparent positions of the dots were carefully measured in each of the photos and this 
information was used to solve equations 1 and 2 (Page 14) for (X, Y, Z). The results 
agreed with the direct measurements of the dot positions to within 1/20 inch for the 
X, Z coordinates and to within 1/10 inch for the Y coordinate. 

2. An uncertainty in relating the position of the fringe system to the position of the fan 
blades was introduced because of motion occurring between laser pulses. 

The distance the fan blades move between laser pulses places an upper limit on this 
uncertainty. Distance varied from approximately 1/4 inch to 1/3 inch as the line was 
increased from 70% to 100% of the design speed. The uncertainty in blade position 
contributes primarily to an error in the determination of the X, Y, Z coordinates. A 
shorter pulse separation is an obvious means to reduce the error. 

3. Errors involved in locating a point on a shock wave from two different viewing angles. 

This error varies greatly from hologram to hologram and even between points on a 
single shock wave. 

The conditions under which the location of abrupt density changes can be accurately 
determined has been qualitatively stated in Appendix III and in the case of very 
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complicated flow fields, such as those considered herein, these conditions are probably 
never ideally met. However, it is possible in many instances to determine the extent to 
which the conditions set forth in Appendix III are met. For example, when a point on 
a shock wave can be seen from three or more viewing directions the determination of 
the position of the point on the shock front can be carried out using three or more sets 
of data. If the coordinates of the point determined from each set of viewing angles 
agree within the limits of error established by error factors #1 and #2, the conditions 
stated in Appendix III were met to a considerable extent. However, if a complex index 
of refraction change occurring in the flow field invalidates the assumption, the reference 
line will shift in space as the viewing angle is changed, and the results from each set of 
data will probably be contradictory. It was the experience in this program that, for 
most cases in which this check could be carried out, the results obtained from differing 
sets of viewing angles agreed very closely. There were cases which did not cross-check. 
However, the cause could generally be traced to the fact that the line of sight passing 
through the shock whose position was being determined was also passing through another 
shock located between the point of interest and the window. 

The variation in X, Y, Z values obtained using more than one set of viewing angles is 
probably the best available means of judging the confidence one can place in the results. 

Several values of the coordinates (X, Y, Z) were computed for 4 points in the hologram 
shown in Figure 42 using as many sets of data as were permitted by viewing conditions. 
The average value obtained for the coordinates of each point was determined and the 
difference between each coordinate and the appropriate average value was calculated. 

The standard deviations determined from this process, using every available set of data 
(11 cases) were; 


a x = 0.09 inches 

Oy = 0.69 inches 

o z =0.015 inches 

If the data were restricted to those views obtained from X-Y plane pairs, the values 
of the standard deviations would be much smaller. 

o x =0.016 inches 

Oy = 0.26 inches 

o z =0.014 inches 

These results were more consistent since the angle of the shock waves permits greater 
accuracy in determining the position of common points in the photographs paired in 
the X-Y plane. In many of the photographs from which the above results were obtained, 
the visibility of the fringe system in the regions in which the measurements were ob- 
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tained was rather poor. Generally there is only one pair of views from which a clear 
view of a particular region of a fringe system can be obtained. This is why usually only 
one set of data was used in determining each point used on a shock position. The 
accuracy of these results may have been better than the standard deviation would in- 
dicate, because the data used to obtain the standard deviations included many points 
whose positions could not be clearly viewed. 
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APPENDIX VI 


PLANE RECONSTRUCTION OF SHOCK WAVES FROM THE HOLOGRAPHIC ANALYSIS 

In Appendix IV, the method by which points on fringes seen on the holograms were located 
in space was described. The aerodynamic interpretations discussed in pages 15-22 are, for 
the most part, limited to shock lines connecting points located in space at approximately the 
same radial position. These shock lines could then be drawn with respect to the known blade 
shape and orientation in each radial plane. 

In general, however, it is preferable to locate all such fringe points, and then mathematically 
determine, if possible, a surface in space on which all points lie. In this way, the intersection 
of the shock surface and any blade plane could, in principle, be constructed. In the following 
analysis, the derivation is given for the necessary equations to define the line of intersection 
of a plane, which approximates the three-dimensional shock, and a plane on which the blade 
is defined. 

In Figure 44a, the tangent plane on which the blade definition is given at a representative 
radius r = r Q is shown. The value R is the radius from the compressor axis to the window at 
the axial location of the origin of the (X,Y,Z) coordinate system (Figure 44a, b,c). This 
(X, Y, Z) coordinate system was defined in Appendix IV. If a tangent plane parallel to the 
X-axis is chosen (whose normal is a radial line at 8 - 0. r = r Q ) it can be seen (Figure 44a) 
that the difference between the X-displaccment, r Q sin 6 Q , on that plane and the circumfer- 
ential distance r 0 d Q is small for small values of 6 (less than 10°). In the present application 
6 Q is small enough that the tangent plane closely approximates the “unrolled” cylinder with 
radius r Q . 

The blade plane, with its normal in the radial direction at 6 = 0, r = r Q , can be described 
according to the equation 

cos e T sin e T 

( - ) Y + ( ) Z = 1 < VJ -D 

^ ‘ r o ^ * r o 

where e-p = 1 9.3°, the angle between the O.D. casing at the window location and the com- 
pressor axis (Fig. 44). 

The general shock surface is described by a plane of the form 

aX + bY + cZ = 1 (VI-2) 

The Constantsa, b, and c are found by locating three sets of (X,Y,Z) coordinates in space, 
and using these in equation (VI-2) to solve the three resulting linear equations simultaneously. 
The (X,Y,Z) coordinates are located by the method described in Appendix IV. 

The line of intersection of the planes described by equations (VI- 1 ) and (VI-2) can be found by 
taking the vector cross-product between the normals of these planes. The line of intersection, 
therefore, may be written. 
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x = 


(b sin €j + c cos ey) Y - (sin ey - c (R-r 0 )) (b sin ey + c cos ey) Z - (b(R-r 0 ) + cos ey) 


- a sin 


f T 


■ a cos e n 


(VI-3a) 


(- a sin fj) X + (sin ey - c (R-r 0 )) (- a cos ey) X + (b (R-r 0 ) + cos ey) 

Or, Y = ; Z = 


b sin e j + c cos e y 


b sin e y + c cos e j 


(Vl-3b) 

The axiaJ coordinate f = Z cos ey + Y sin ey, Figure 44b, is defined in a direction which lies 
parallel to the tangent plane at r = r Q (and therefore parallel to the compressor axis of rotation). 
With the use of equation (Vl-3b), 


f 


1 


b cos ey + c sin c j 


- a X + [1 - (R-r Q ) (c sin ej * b cos ey)] 


(Vl-4) 


This represents a straight line in the tangent plane at any radius r = r 0 , with X measured as the 
distance in the tangential direction (to within the approximation r 0 sin 0 Q ss r 0 0 Q ) and f 
measured as the axial location along the compressor axis (with f = 0 at the ori^n of the 
X, Y, Z system). 

With the use of equation (Vl-4), and having the constants a, b, c determined as previously described, 
the shock line intersection for any value r 0 can be drawn. With the blade shape and orientation 
also known, the relative positions of the shock and blade can be shown. For hologram 13, ^ome 
representative results are shown in Figure 32, and compared to the “point reconstruction” 
described in Appendix IV and used for all successful holograms. From visual observation of 
the holograms, it was concluded that only hologram 1 3 showed shock surfaces which appeared 
nearly flat enough to approximate as planes. 
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Figure 3 Optical Configuration of Holooamera (Fresnel Configuration) 
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Figure 4 Optical Configuration of Holocamera (Bragg Configuration) 
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Figure 8 Wiring Diagram for the FTIR Q-Switch Electronics 
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Figure 1 1 Hologram Views of Bench Model (Recorded at Four Focal 
Planes Within the Holographic Image) 
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Figure 12 Window Damage Figure 13 Window Damage 







Figure 1 4 Interior of NASA Faa Rig as Seen Without Window in Place 
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Figure 2 1 Meridional View of Compressor 
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Figure 24 Stage Overall Performance with Uniform Inlet Flow 
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Figure 25 Rotor Shock Patterns from Hologram 8, 70% Design Speed, Near Stall Flow 



Figure 26 Projection of Included Angle from Conical to Radial Plane 
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Figure 27 Rotor Shock Patterns from Hologram 21 , 100% Design Speed, Near Stall Flow 
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Figure 28 


Rotor Sh :k Patterns from Holograms 1 and 3, 
100% D i Speed, Maximum Flow 
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TRANSDUCER AND WALL STATIC PRESSURE TAP AXIAL SPACING 
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Figure 29 Rotor Blade Tip Static Pressure Contours, lOOCr Speed 
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Figure 31 Rotor Shock Patterns from Hologram 13, 70% Design Speed, Intermediate Flow 
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Figure 32 Rotor Shock Patterns from Hologram 13, 70% Design Speed, Intermediate Flow 
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Figure 33 Rotor Blade Tip Static Pressure Contours 70V? Speed 
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Figure 34 Simplified Diagram of Holographic Reconstruction of the Test Section 



Figure 35 Picture of a Holographic Interferogram of a Flame 




Figure 36 

Ray Diagram 
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Figure 38 Central Rays for Two Views Through the Tip of a Shock 
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Figure 39 Relative Positions of the Rig Window, Hologram, and Recording Camera, 
Geometric Relations of the Length Parameters (Appendix IV) 
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VIEW B 

Photograph of Hologram #21 , Taken at the 100% Speed Line, Near Stall Flow 










Figure 44 Geometry Used for Plane Reconstruction of Shock Waves from the Holographic 
Analysis 
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